NASA 


fVIASA 

NalionaJ Aeronautk;s md 
Space Aciminij^tion 

CLEAN CATALYTIC COMBUSTOR 

program 


FINAL REPORT 


By 

E.E. Ekstedt, T,F. Lyon, 

P.E. SaWa, and W,J. Dockte 

General Electric Company 
Aircraft Engine Btiatneea Group 
Cincinnati, Ohio 4S215 


«84*l515i 

Uuciis 
iUil 

Prepared for 


Ibbj23) CLB&b Chlkinic COHBOSICB 
fiaai faepoLt, Oct. 19?y - jui, J9^2 
Electric Co.) J5i p He kOB/Bi kOi 

CSC! il£ 

GJ/Q7 



National Aeronautics and Space Administration 


NASA Lewis Research Center 
Contract NAS3-22003 



ORIGINAL PAGE IS 
OF POOR QUALITY 


1. Raport No. 2. 

NASA CS-168323 

4. Titt* and SuMiOa 

Clean Catalytic Coabuator Procra* 


7. AuitorUI 


G oaamaiai n arriinn No. 


3. Racipiam'i Catalog No. 


5. Rapon Data 
Moveabar 1983 

6. Rarforming Orgaiitation Co^ 


8. ^rlormmg O^iuzation Rapori No. 


E.E. Ekatadt, T.F. Lyon, P.E. Sabla, and N.J. 

9. ^ rtarwiing Orgwi o dan Nama and Ad*aa 

Ganaral Electric Coapany 
Aircraft Eagiaa Buainaaa Croup 
Cincinnati, Ohio 4S21S 

12. Spnaaoring Agmey Nana and Adaaa 

National Aaronautica and Space Adainiatration 
Waahington, D.C. 20546 

IS. Supptanamay Naan 


Dodda 


10. Work Unit No. 


11. Contract or Grant No. 
NAS3-22003 

13. Typa of Raport and Rviod Coyarad 
Contractor Report 

Oct 1979 - July 1982 

14. S ponaoring Agancy Coda 


Project Mauager, A.J. Saaniaalo 
HASA-Lewia Reaearcb Canter, 
Cleveland, Ohio 44135 


IS. Ahatract 


.4 coatbuator prograa traa conducted to evolve and to identify the technology needed for, and to 
eatabliah the credibility of, uaing coabuatora with catalytic reactors in aodem high-pressure- 
ratio aircraft turbine engines. 


Two selected catalytic codbustor concepts were designed, fabricated, and evaluated. The con- 
bustors were aised for use in the NASA/Ganeral Electric Energy Efficient Engine (E^). One of the 
conbuator deaignn was s basic parallel-s caged double-annular conbuator. The second design was 
also a parallel-staged conbuator but avloyed reverse flow cennular catalytic reactors. 

Subconponent tests of fuel injection syataaa and of catalytic reactors for use in the conbus- 
tioD systen were also conducted. 

Very low-level pollutant eniasiona and ^acelleot conbuator perfomance were achieved. How- 
ever, it was obvious fron these teats that extensive developnsnt of fuel/air preparation systens 
and considerable advaneenent in the steady-state operating tenperature capability of catalytic 
reactor naterials will be required prior to the consideration of catalytic conbustion systens for 
use in high-pressure-ratio aircraft turbine engines. 


17. Key Wordi ISuggnwd by AutherlNI 
Catalytic Conbuator 
Low Enlssion Conbuator 
Fuel Injection 
Pollutant Enlsslons 
Aircraft Turbina Conbuator 

tS. OMrihulion SMtemsnt 

Unclassified - Unliaitsd 

19. Security deenf. (of this report) 
Unclassified 

20. Security Oaenf . (of this page) 
j'nclaseified 

21. No. or Paget 
144 

22. Price’ 


NASA-C-168 (Rev. 10-75) 


For sale by the National Technical Information Service. Springfield. Virginia 22161 

i 
























FOREWORD 


The work described herein was conducted by the General Electric 
Aircraft Engine Business Group under Contract NAS3-22003. The program was 
jointly funded by NASA and the Air Force. The NASA Project Manager was 
Andrew J. Szaniszlo. 

Catalytic reactors were designed and fabricated by Engelhard Indus- 
tries Division of the Engelhard Corporation. 
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1.0 SUMMARY 


The objective of this program was to develop the technology needed for 
the design of combustion systems utilizing catalytic reactors and to determine 
the feasibility of the use of these combustion systems in modern high-pressure 
ratio, high-temperature, aircraft gas-turbine engines. 

The program was conducted in two phases. During Phase I, a total of six 
combustion systems were designed and analyzed for performance, life, cost, 
weight, and reliability. The two most promising of these combustors were a 
basic parallel-staged system and a parallel-staged combustor with reverse flow 
cannular catalytic reactors. The basic parallel-staged combustor utilized an 
annular pilot stage with 30 fuel nozzles. The pilot is utilized for all oper- 
ation up to 60Z engine thrust. The main stage has an annular catalytic reactor 
mounted inboard of the pilot and is used along with the pilot for all engine 
operation above 60Z thrust. The reverse flow combustor also has an annular 
pilot with 30 fuel nozzles but uses 30 cylindrical catalytic reactors for the 
main stage. In the reverse flow system, the catalytic reactors are mounted 
outboard of the pilot stage. 

During Phase II, ^ich is the subject of this report, 60* sector combus- 
tors of the two designs selected from Phase I were designed, fabricated, and 
evaluated in a series of four-atmosphere pressure tests. The combustors were 
designed for the NASA/General Electric Energy Efficient Engine (E^). 

In addition to the sector combustor' performance tests, subcomponent tests 
were conducted on several catalytic reactor designs and on fuel and air pre- 
mixing systems. These subcomponent tests were conducted at pressures up to 11 
atmospheres. The catalytic reactor subcomponent tests were to select a con- 
figuration and generate pressure corrections for the lower pressure sector- 
combustor tests. 

During the oector combustor tests, excellent performance capability was 
demonstrated for a combustion system utilizing a catalytic reactor. Gaseous 
emissions (oxides of nitrogen, unburned hydrocarbons, and carbon monoxide) 
were more than 25Z below the Environmental Protection Agency (EPA) standards 
as they were proposed for the landing - takeoff cycle for class T-2, newly 



certified engines in the March 24, 1978 Federal Register. Oxides of nitrogen 
levels of 3.0 grams per kilogram of fuel were also demonstrated for normal 
cruise operating conditions. Other performance chracteristics such as pres> 
sure drop, pattern factor, liner temperature, combustion efficiency, and com- 
bustor light off appear to present no significant problems for the cotabustion 
systv^m with a catalytic-reactor main stage. Pilot-stage smoke at the 602 
power condition before the main stage is fueled, which cannot be fully evalu- 
ated in a four-atmosphere test, represents a concern item and should be evalu- 
ated at higher (actual engine) pressure. However, the smoke measurements made 
during the sector combustor tests indicated very low smoke levels. 

In order to achieve high combustion efficiency in the catalytic reactor 
main stage at the 60Z engine power condition, it was necessary to reduce the 
reference velocity in the catalytic reactor from the original design value of 
30 m/s by SOZ. Considerable improvement in combustion efficiency with oper- 
ating pressure level was demonstrated in the subcomponent catalytic reactor 
tests, however. Therefore, a reference velocity deiiign value of 24 to 27 m/s 
should be adequate for high performance levels at actual engine pressure con- 
ditions based on the results of this program. 

The major limitation for the use of combustion systems with catalytic 
reactors appears to be the continuous operating temperature capability of the 
catalytic reactors. It was necessary to operate the catalytic reactors at the 
continuous operating temperature limit of 1700 K at cruise conditions in order 
to meet the emissions goal (3 g/kg) of the program. Considerable advance- 
ment in the operating temperature capability of catalytic reactor materials 
will be required for successful application of catalytic combustors to very 
high pressure ratio, high temperature engines of the type considered in this 
study. 

Baseline testing was conducted with both of the combustors. The reverse 
flow combustor was selected for the final tests. The reverse flow configura- 
tion was selected over the basic parallel-staged combustor because of length, 
maintenance, and performance considerations. 

During this program, considerable effort was necessary to develop fuel 
and air premixing systems with adequate fuel air uniformity for use with a 
catalytic combustor. 
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2.0 INTRODUCTION 


The ability of catalytic combustors to promote stable combustion of lean 
fuel/ air mixtures with flame temperatures less than U'OO K, provides the 
potential for obtaining ultra*low nitrogen oxides emissions levels in combos'- 
cion systems utilizing catalytic reactors. Improved combustion system life is 
another potential benefit obtained from Che use of catalytic reactors due Co 
Che reduced gas temperatures in Che combustion zone. In standard combustion 
systems with droplet burning, primary zone gas temperatures can reach stoichi- 
ometric flame temperature levels loc.tlly and radiation levels from Che primary 
zone are relatively high. However, in a catalytic combustor, the ges tempera- 
ture is at the much lower flame temperature value associated with the average 
premixed fuel/air ratio. Therefore, the flame radiation levels are signifi- 
cantly lower due to the reduced flame temperature and because of reduced quan- 
tity of soot particles associated with lean premixed flames. Ocher potential 
benefits of catalytic combustors include improved turbine life because of 
reduced pattern factors, improved temperature profiles, and Improved combustion 
stability at low fuel/air ratios. 

The effort covered by this report is Phase II of a two-phase program 
initiated by NASA and conducted by Che General Electric Company. The program 
involves investigating the potential for applying catalytic combustion to mod- 
ern high-pressure-ratio ga/i turbine engine combustion systems. 

Phase I (Reference 1) had the objective to design and analyze six differ- 
ent conceptual designs employing catalytic combustion. Based on Che analysis 
performed during Phase J, two parallel-staged, fixed geometry designs were 
identified as the most promising concepts. Results of Che design studies 
indicated that cruise oxides of nitrogen (NOx) emissions could be reduced 
by an order of magnitude relative Co current technology levels by the use of 
catalytic combustion. During Che Phase II program, the two most promising 
concepts identified during Phase I were designed, fabricated, and evaluated 
in an extensive series of testa. Initially, subcomponent tests of the fuel 
preparation systems for the catalytic reactor were conducted. Next, several 
cannular catalytic reactors were tested at pressures up Co II atmospheres to 
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select the catalytic reactor to be used in the sector coiid>u8tor and to 

generate correlations to use for later pressure corrections to the catalytic 
reactor perforaance in the lower pressure sector coabustor tests. Finally, 
60* sector combustor tests were conducted at pressures iq> to four-atmospheres 
to determine the coabustion systea performance. The combustion system per- 
formance was determined at light off, idle, approach power, 60Z engine power, 
cruise, climb, and takeoff conditions. Actual engine operating conditions 
«iere used at light off and idle. Above these power levels, the tests were 
conducted at four-atmospheres inlet pressure. However, corrections to the 
measured data were estimated from previously determined correlations (Refer- 
ence 2) and also from the correlations determined in the single-can catalytic 
reactor subcomponent tests. 

Performance aeasureaents included gaseous emissions, smoke, cooibustion 
efficiencies, combustor metal te^eratures, pressure drop, and combustor exit 
temperature profiles. 
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3.0 PROGRAM GUIDELINES 


3.1 COMBUSTOR PERFORMANCE 

The overall program goal vas Co evolve Che Cechnology needed for Che 
design of combusCion sysCeow ucilizing caCalyCic reacCors and Co deCermine Che 
feasibilicy of using Chese combusCion sysCems in siodem high-pressure-raCio, 
high-CemperaCure aircraft, gas Curbine engines. Of parcicular imporCance was 
Che achievemenC of ulCra-low NO^ emissions while aC Che same cime meecing all 
of Che normal performance requiremenCs of modern high performance combusCion 
sysCems. Specific program polluCanC emission and combuscor performance goals 
for Chis program are as follows: 

• Oxides of niCrogen (NO-^) levels of 3.0 grams per kilogram of fuel 
or less aC normal cruxse operacing condiCions. 

• Gaseous polluCanC emissions Vvels 23Z below Che U.S. EnvironmenCal 
ProCecCion Agency (EPA) emissions sCandards for Che landing-takeoff 
cycle for class T-2, newly cerC fied engines. For purposes of Chis 
discussion, chese are Caken Co be Che proposed sCandards published 
in Che March 24, 1978 Federal Regiscer (Reference 3), and are as 
follows (wich Che 25Z reduce ions): 

Hydrocarbons - 2.5 grams per kilonewCon ChrusC 
Carbon Monoxide - 18.8 grams per kilonewCon ChrusC 
Oxides of NiCrogen - 24.8 grams per kilonewCon ChrusC 

• Smoke Number - 15 

• CombusCion efficiency of 99. 5Z ac idle, 99. 9Z at Cakeoff, and 99Z at 
ocher operacing condiCions. 

• CombusCion sysCem pressure loss of less Chan or equal Co 5.5Z of 
compressor discharge pressure. 

a Exit CemperaCure paCCem facCor and profile facCors of less Chan or 
equal Co 0.25 and 0.15, respecCively. 

• Combuscor liner meCal cemperacures of no more chan 1144 R. 
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3.2 REFERENCE ENGINE 


The engine selected as the reference engine for the Phase I program and 
for this Phase II program is the NA.SA/General Electric advanced Energy Effi- 
cient Engine, which is typical of the high pressure ratio, high bypass ratio 
engines t'lat will be developed for commercial aviation service within the next 
10 to 20 years. This reference engine ib a direct drive fan, mixed exhaust 
flow version of a series of turhofan engines evaluated as a part of the 
recently completed NASA-sponsored Energy Efficient Engine Preliminary Design 
and Integration Study Program (Ref«.rence 4). An engine layout drawing is 
shotm in Figure 1 . 

A major objective of the E^ program is to obtain a 12Z reduction in 
specific fuel cons>jmption (SFC) at cruise conditions relative to the CF6 
family of engines. 

Low SFC values at cruise conditions are achieved with the E^ by effi- 
ciency improvements in its various components and by an increase i.' cycle 
pressure ratio at cruise conditions. At sea level static conditions, the 
overall pressure ratio of the is the same as that of the CF6-50 engine 
(30:1), but at maximum cruise conditions, the cycle pressure ratio is 
35.8 to 1, resulting in considerably higher combustion system inlet pressures 
and temperatures. 

The E^ cycle is especially appropriate as a reference engine cycle for 
the proposed program because the combustor igh inlet-air pressures and tem- 
peratures of this cycle at cruise conditions are indicative of the trend of 
future commercial engine development. As a consequence of the high pressures 
and temperatures, the achievement of low NO^^ at cruise conditions will 
become more difficult to accomplish and also, as explained in the following 
discussion, the design of practical catalytic combustion systems will become 
a much greater challenge. 

Cycle parameters for the reference E^ at important operating conditions 
are presented in Table 1 (SI units) and Table 2 (Customary units). These ref- 
erence engine cycle operating parameters are the same as were used in the 
Phase I program. Included in these tabulations are (1) the four EPA-specified 
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Table 1. Reference Engine Cycle Parameters (SI Units). 


Cycle Point 

Idle 

30Z 

Approach 

60Z 

8 SZ 

Cliab 

lUOZ 

Takeoff 

Hot Day 
Takeoff 

Very 
Hot Day 
Takeoff 

Max. 
Crui ae 

Noru i 
Cruise 

Min . 
Cruise 

Aabicnt Condition* 

Std 

Day 

Std 

Day 

Std 

Day 

Std 

Day 

Std 

Day 

4^15 K 

♦35 K 

♦10 K 

♦ 10 K 

♦ 10 K 

hg. Flight Altitude, ka 

0 

0 

0 

0 

0 

0 

0 

10.7 

10.7 

10.7 

Mq, Flight Mach Mo, 

0 

0 

0 

0 

0 

0 

0 

0.80 

0.80 

0.80 

F||, Inetalled Net Thruet, kH 

9.74 

48.70 

97.42 

138.04 

162.36 

162.39 

137.29 

37.47 

29,98 

14.99 

W 3 , Coapretior Exit Airflow, kg/* 

10.70 

28.76 

43.84 

55.20 

61.69 

60.0b 

51.71 

26.99 

23.95 

17.74 

W 3 (, Coabu*tor Airflow, kg/* 

9.53 

25.58 

39.04 

49.12 

54.93 

53.48 

46.04 

24.04 

21.32 

15.79 

Pf 3 , Coapre**or Exit Total Preaaure, HP* 

0.401 

1.183 

1.965 

2.626 

3.020 

3.007 

2.589 

1.306 

1.121 

0.774 1 

Tf 3 i Coapreaaor Exit Total Teaper«ture, K 

485.0 

632.6 

717 

781.6 

813.8 

851.3 

864.3 

782.1 

745.1 

676.9 

Ty 4 , CoabuaCor Exit Total Teaperature, K 

940.3 

1135.3 

1378 

1528.7 

1617.7 

1693.1 

1691.8 

1595.1 

1488.4 

1289.4 

Wf, Fuel Flow, kg/a 

0.1136 

0.3546 

0.7496 

1.0948 

1.3399 

1.3867 

1.1752 

0.5887 

0.4680 

0.2743 

f 3 g, Coabuator Fuel/Air Ratio, g/kg 

11.9 

13.9 

19.2 

22.3 

24.3 

25.9 

25.5 

24.5 

22.0 

17.4 

H 3 . Coapreaaor Exit Mach No.^^^ 

0.281 

0.296 

0.29 

0.286 

0.283 

0.282 

0.285 

0.281 

0.282 

0.289 

(^Vaauaes A ^3 * 314.4 ca^ 
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Table 2, Reference Engine Cycle Parameters (Customary Units) 


Cycle Point 
Aah lent Cond i t ione 

Idle 

Std 

Day 

30Z 

Approach 

Std 

Day 

eOZ 

Std 

Day 

85Z 

Cliaib 

Std 

Day 

lOOZ 

Takeoff 

Std 

Day 

Hot Day 
Takeoff 
♦27* F 

Very 
Hot Day 
Takeoff 
♦63* F 

Max . 
Cruiae 
♦ 18* F 

Horaal 
Cruiae 
♦ 18* F 

Min. 
Cruiae 
♦ 18* F 

hg. Flight Altitude, k ft 

0 

0 

0 

0 

0 

0 

0 

35.0 

35.0 

35.0 

Hg, Flight Mach No. 

0 

0 

0 

0 

0 

0 

0 

0.80 

0 . 8 u 

0.80 

F||, Inatalled Net Thruat, lb 

2190 

10,948 

21,900 

31,032 

36,501 

36,506 

30,864 

8423 

6740 

3369 

H 3 , Coaipreaaor Exit Airflow, ppa 

23.6 

63.4 

96.66 

121.7 

136.0 

132.4 

114.0 

59.5 

52.8 

39.1 

W 3 g, Coabuator Airflow, ppa 

21.0 

56.4 

86.07 

108.3 

121.1 

117.9 

101.5 

53.0 

47.0 

34.8 

p.f 3 , Coaipreaaor Exit Total Preaaure, paia 

58.2 

171.5 

285 

380.9 

438.0 

436.1 

375.5 

189.4 

162.6 

il 2.2 

Tf 3 , Coapreaaor Exit Total Teaiperature , * F 

413 

679 

830 

947 

1005 

1072 

1096 

948 

881 

759 

Tf 4 , Coaibuator Exit Total Teaiperature, * F 

1233 

1584 

2020 

2292 

2452 

2588 

2585 

2411 

2219 

1861 

Wf, Fuel Flow, pph 

902 

2814 

5949 

8689 

10,634 

11,006 

9327 

4672 

3714 

2177 

f 35 , Coaibuator Fuel/Air Ratio 

0.0119 

0.0139 

0.0192 

0.0223 

0.0243 

0.0259 

0.0255 

0.0245 

0.0220 

0.0174 

H 3 , Coaipreaaor Exit Mach No.^1^ 

0.281 

0.296 

0.29 

0.286 

0.283 

0.282 

0.285 

0.281 

0.282 

0.289 

(I^Aaaiaiea Ag 3 ” 48.7 in^ 
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operating conditions for calculating landing-takeof f cycle emissions levels, 

(2) 60Z power conditions where the catalytic reactor is first fueled, and 

(3) cruise operating conditions trttere ultra-low NO^ emission levels are being 
sought. Mission studies indicate that the largest proportion of commercial 
flight will occur at the normal cruise point, a power setting that is 75Z of 
the maximum cruise thrust. 

The reference engine combustor and the interface dimensions which were 
used as guidelines in this program are shown in Figure 2. As in the Phase I 
program, combustion system length and outer casing diametei were allowed to 
deviate from the baseline design values in order to accommodate the catalytic 
combustor designs. The standard combustor, which is an ultra-short, 
double-annular design was based on the NASA/General Electric Experimental 
Clean Combustor Program (ECCP) results (References 5 and 6). The combustion 
system is 29.6 cm long from the compressor discharge to the turbine inlet. 

The combustion system has 30 fuel nozzles in both the pilot dome and the main- 
stage dome. The pilot is located outboard of the main stage. Double-wall, 
impingement-cooled liner construction is used to provide long life. The 
pilot-stage is designed for low dome velocities and provides excellent light 
off and low power operation including low idle emissions. The main-stage has 
relatively high velocities (21 m/s) and is designed for lean combustion at 
high power for low levels of oxides of nitrogen and low smoke. 
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Figure 2. Reference Engine Combustion System. 
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4.0 CATALYTIC COMBUSTOR DESIGNS 


The two promising combustors selected from the Phase I program for 
experimental verification and evaluation are illustrated in Figure 3. One is 
referred to as a basic parallel-staged combustor and the other as a reverse- 
flow, parallel-staged combustor. In order to accommodate the catalytic reac- 
tors and the premixing fuel system, some increase in overall combustion system 
length and revision of the combustor casing were required relative to the 
ultra-short and compact E^ combustion system. The basic parallel-staged 
combustor length was 38.9 cm from the compressor discharge to the turbine 
inlet versus 29.6 for the standard E^ system. The length for the reverse- 
flow combustor was 29.6 cm which is the same as the E^ combustor; however, 
the catalytic reactors and premixing fuel/air system overlap the compressor 
aft end diameter. 

4.1 BASIC PARALLEL-STAGED COMBUSTOR 

The basic parallel-staged combustor. Figure 3(a), has a pilot stage with 
30 fuel nozzles and counterrotating primary and secondary swirl cups. The 
pilot stage is used for combustor light off and for providing engine power up 
to the 60Z point. Therefore, it was sized to provide rich mixtures and low 
velocities for good low-power performance. For power levels greater than 60%, 
fuel is simultaneously supplied to the pilot and main stage (catalytic reac- 
tor). The primary zone of the pilot dome has thermal barrier coating to mini- 
mize cooling airflow for improved low-power operation and for reduced pollu- 
tant emissions (Reference 7). 

The main stage of this combustor is located radially inboard of the pilot 
stage and has a streamlined inlet section for fuel/air premixing and an annu- 
lar catalytic reactor. The premixing duct was designed for a fuel residence 
time of 2 ms in order to provide an autoignition safety margin of approxi- 
mately 100% for the most severe operating condition which is engine sea level 
takeoff (Reference 8). The duct length from the point of fuel injection to 
the catalytic reactor inlet was approximately 13 cm. The duct exit contours 
were designed to match the predicted free streamline boundaries for airflow 
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entering the reactor with approximately 50Z area blockage at the reactor inlet. 
This was to avoid any flow separation and the resulting high residence-time 
zones which would promote autoignition. The fuel injector is a streamlined 
annular ring in the premixing duct inlet. Fuel orifices are located to pro- 
vide cross-stream injection. The catalytic reactor is 12.7 cm long and has 
a radial height of 5.4 cm. The catalytic reactor has an Engelhard proprietary 
catalyst on a ceramic monolith with multiple axial channels for gas flow. The 
assembled reactor is supported by a compliant layer of ceramic fibers approxi- 
mately 0.2 to 0.3 mm thick. 

The design reference velocity for the catalytic reactor is 30 m/s. 
Approximately 53Z of the combustor air flows through the catalytic reactor. 
Approximately 20Z of the air is introduced into the combustor through the 
pilot swirl cups. The remainder of the air is used for cooling and dilution. 
The combustor design equivalence ratios are shown for several operating condi- 
tions in Table 3. 


Table 3. Combustor Equivalence Ratios. 


Operating 

Condition 

Pilot 

Primary Zone 

Catalytic 

Reactor 

Idle 

0.7 

0 

60Z Power Before 
Transition 

1.1 

0 

60Z Power After 
Transition 

0.25 

0.35 

Takeoff 

0.43 

0.40 


Several simplifications were introduced for the 60* sector combustor test 
hardware. Figure 4 shows the sector combustor design. Figures 5, 6, and 7 
are photographs uf the test hardware parts. The aft inner and outer liners 
used conventional film cooling geometry instead of the impingement and convec- 
tive cooled liner geometry proposed for an engine combustor. Also, a simpli- 
fied fuel injector consisting of a flattened tube was used instead of the 
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All Dimensions In cm 


(5) Pilot Swlrlers 


Ceramic Fiber Compliant Layer— 


-Annular Fuel Injector 
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24.7 Radius 


-Annular Honeycomb 
Catalytic Reactor 


Figure 4. Parallel-Staged 60® Sector Combustor. 
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Figure 7, Parall«‘l -Staged Sector Combustor Liners (Pilot -Stage Thermal Barrier Coating). 
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streamlined injector illustrated in Figure 3(a). The fuel holes were 0.34 mm 
diameter and wre spaced 0.9 cm apart. The simplifications introduced for the 
test hardware should have no significant effect on the sector combustor per- 
formance . 

4.2 REVERSE-FLOW PARALLEL-STAGED C(»1BUST0R 

The reverse flow combustor, Figure 3(b), has the annular pilot stage on 
the inboard side of the catalytic reactors. The main stage uses 30 cylindri- 
cal catalytic reactors ««hich are 6.1 cm in diaateter by 12.7 cm long. Thirty 
swirl cups are used in the pilot stages. Cylindrical premixing ducts with 
exit wall contours to match the predicted airflow, streamline contours and with 
a fuel residence time of 2 ms are used with this combustor. The catalytic 
reactors of this concept discharge into the gas stream from the pilot stage 
through short ducts. The transition dues are convectiveiy cooled. Impinge- 
ment cooling is used for the outer liner in the region where it intersects the 
transition ducts. 

The design reference velocity, flow splits, and equivalence ratios for 
this combustor are nominally the same as those of the basic parallel-staged 
combustor (Table 3). A significant and attractive feature of the reverse-flow 
combustor design is that individual catalytic reactors could be replaced in 
service without removing the combustion system from the engine. Also, the 
overall length from the compressor discharge to the turbine nozzle diaphragm 
is the same as for the basic E^ combustion system. 

Figure 8 shows a cross section of the 60* sector combustor as designed 
for the component test program. Figures 9 and 10 are photographs of the dis- 
assembled sector combustor hardware. For the component est program, the aft 
inner liner was filu-cooled as were the ducts just aft of the catalytic reac- 
tor. Considerable effort, described later, was devoted to development of the 
fuel injection system for the main stage catalytic combustor. The design used 
in the 60* sector combustor tests (Figure 8) is different than the streamlined 
version shown in Figure 3(b). 


19 



ORIGINAL PAGE IS 
OF POOR QUAlit* 


• All Dinensions in cb 



Figure 8. Reverse-Flow 60* Sector Combustor. 
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Figure 9. Reverse-Flow Sector-Combu&tor Assembly Showing Juncture 
of Mnin Stage Exit with the Pilot Stage. 
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FI gyre 10, 


Reverse-Flow Sector-Combustor Inlet' Premixing Duct an»i Catalytic Reactor 
As Supplied with Housing. 


5.0 TEST FACILITIES AND PROCEDURES 


5.1 SECTOR COMBUSTOR FACILITY AND RIG 

Alt of the coabustion tests were conducted in the Advanced Coabusticn 
Laboratory at Evendale, Ohio. This laboratory very adequately supplied all 
of the services for the coabustion testing required by this prograa. Air at 
pressures up to 2.1 MPa was supplied froa a central air systea at flow rates 
up to 4.5 kg/s. Jet-A fuel was used for this program and was supplied by a 
pipeline froa large storage tanks located elsewhere in the plant. Test rig 
inlet conditions were controlled and monitored froa a console located in the 
control room adjacent to the test cell. 

The combustion systea performance and emissions tests for both the basic 
parallel'Staged and the reverse-flow combustor were conducted in a full-scale, 
60*, five-cup sector-coad>ustor test rig. Since the full-annular cosibustor has 
30 nozzles, the pilot doae of the 60* sector combustor had five fuel nozzles 
and swirl cups. For the reverse-flow sector combustor, a total of four cylin- 
drical catalytic reactors were positioned midway between the five pilot stage 
swirlers. For the parallel-staged combustor, a full 60* sector catalytic 
reactor was used. 

A schematic of the sector-combustor test rig with the basic parallel- 
staged combustor installed is presented in Figure 11. However, the reverse- 
flow sector combustor was also tested in this same test rig. The sector- 
combustors were mounted in a test plenum chamber that was equipped with air- 
flow straightening screens downstream of the nonvitiated air supply inlet 
port. Simulated engine combustion casings were not used in these sector- 
combustor tests. Any differences in test results from testing without the 
combustion casings are believed to be negligible since the two combustor con- 
figurations have been designed to have relatively low velocities in the inner 
and outer flow passages around the combustors in the engine configuration. 

A photograph of the inlet of the installed reverse-flow combustor is 
shown in Figure 12. Separate fuel lines were provided to the pilot swirl cups 
and to the catalytic reactor fuel premixing ducts. 
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Figure 11. Schematic of the Test Section U 
60® Sector Combustor. 
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5.1.1 Sector-Combustor Instrumentation 

Some of the most important measurements made to evaluate the sector- 
combustor performance during this program were gas samples taken at the 
combustor exit. These gas samples were used to determine gaseous emissions 
(MOxi CO, and HC), smoke, combustor discharge profiles, and combustion effi- 
ciency. A photograph of the water-cooled instrumentation section with one gas 
sampling rake installed is shown in Figure 13. A photograph of a gas sampling 
rake is shown in Figure 14 and a schematic of a typical sampling element is 
shown in Figure 15. Each of the sampling elements was designed with a quick- 
quenching copper probe tip. Quick-quenching was used to suppress any further 
chemical reaction of the sample within the sampling lines. Both water cooling 
of the rake body and steam heating of the gas sample lines within the rake 
were incorporated into the design. Water cooling of the rake body was required 
to protect the rake from damage due to the high temperature environment at the 
combustor exit. Steam heating of the gas sampling lines was employed to pre- 
vent the condensation of hydrocarbon compounds and water vapor within the 
sampling lines. 

Samples were routed from the test section to the sample-analysis system 
through stainless steel sample lines. These lines were steam-heated to main- 
tain the sample temperature close to 423 K. 

The Contaminants Analyzed and Recorded On-Line (CAROL) system was used 
to measure gaseous emissions. This system conforms to SAE ARP 1256A (Ref- 
erence 9) and consists of four basic instruments: a flame-ionization detector 

(fid) for measuring total HC concentrations, two nondispersive infrared ana- 
lyzers for measuring CO and CO 2 , and a heated, chemiluminescent analyzer for 
measuring NO and NO 2 . 

Outputs from the CO, CO 2 , HC, and NO^ analyzers of the CAROL system were 
continuously recorded on strip-chart recorders and manually recorded for later 
input to an emissions-data-reduction computer program that calculates exhaust- 
emission concentration indices, combustion efficiency, and sample fuel/air 
ratio. 

Smoke samples were also routed to the control room through the steam 
heated lines and the smoke levels measured with a test procedure which con- 
forms to SAE ARP 1179 a (Reference 10). The smoke measurement consrt^e houses 
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Figure 13. Water-Cooled Exit Irisirumei.tation Section tor the 
Sector Combustors. 
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Figure 15, Gas Sample Rake Quick-Quenching Probe Tip Design. 
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a filtering instrument, water trap, vacuum pump, and flow meter. The filter- 
ing unit contains Whatman No. 4 filter paper. It has a fixed filtering area 
of 3.87 cm^ and provides a leakproof seal. A water trap is located down- 
stream of the smoke filtering instrument to remove condensed water vapor and 
condition the gas for flow measurement. A vacuum pump is used to maintain a 
constant flow rate at low sample pressures. A rotometer is used to monitor 
the gas sample volume flow rate. An electromechanical timer is used to 
measure the time required to obtain different sample volumes. The sample 
volume and time can be used to check gas sample flow rates. The optical 
density of the smoke spots is read with a Macbeth Model RD 512 densitometer. 
The smoke number is then calculated according to the procedure listed in ARP 
1179A. 

Figure 16 shows the location of the gas sample rakes relative to the 
reverse flow combustor. Two of the rakes were directly in line with pilot 
swirl cups and two were in line with the catalytic reactors. When the basic 
parallel stage combustor was tested, the rakes were located in the same 
positions so that two were in line and two between pilot cups. However, all 
four of the rake inner elements sampled gases from the catalytic reactors 
(Reference Figure 5) . The five sampling ports on each rake could be read 
individually or ganged together. For most of the tests, one rake in line with 
a pilot swirl cup and one rake in line with a catalytic reactor were read 
individually to determine profile characteristics. The other two rakes were 
ganged for single samples from each rake. The ganged rake samples generally 
agreed very well with the average of the individual samples from Che rake in 
an equivalent position relative to Che swirl cups or catalytic reactors. No 
gas samples were taken in line with Che end swirl cups Co minimize any possi- 
ble test rig end wall effects. 

Both Che combustor liner temperatures and the catalytic reactor bed tem- 
peratures were also measured. Figure 17 illustrates a typical arrangement for 
measuring the catalytic reactor exit temperatures for Che reverse flow combus- 
tor. One sheathed platinum Type B thermocouple (T/C) was mounted at Che cen- 
ter of each reactor. For the two end catalysts, six T/C's in addition to the 
central T/C were used to determine Che profile across Che reactors. Sheathed 
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Figure 16. Sector Combustion System Exit Instrumentation Arrangement 
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chroael-aluMl T/C's (Type K) imre used for the profile aeasureMOts. Both 
types of T/C's vere led in frosi the aft end of the reactors and tiere held in 
place with ceraaic ceaent. 

Figure 18 shows typical coabustor liner aetal teaperature and coabustor 
wall static pressure drop instruaentation. 

5.1.2 Sector Coabustor Test Procedures 

The sector coabustor tests were liaited to 0.4 MPa due to test rig struc- 
tural Imitations. This pressure level constraint resulted in true operating 
conditions for light off and up throtigh engine idle conditions. At high-power 
conditions, the true engine velocities, teaperatures, and fuel/air ratios were 
used. However, the air flow and fuel flow rates were reduced to scale with 
the test pressure level. This testing procedure has been successfully uti- 
lized in the development of many aircraft gas turbine engine coabustion sys- 
tems. Typical engine conditions used to evaluate the combustor performance 
were light off, idle, approach, 60Z engine power (the condition selected for 
initial fueling of the catalytic reactor), cruise, climb, and takeoff opera- 
tion. 

Measurements of particular interest at the idle and approach engine power 
conditions were the combustion efficiency and the CO, HC, and NO^ eaissions 
levels. At the 60Z power condition, saoke levels and the combustor discharge 
radial profile shape while operating on pilot only and combustion efficiency 
of both stages after switchover to combined operation were the major areas of 
interest. At cruise, the NO^ eaissions level and the radial profile were 
major parameters to be investigated. At takeoff conditions, NO^ and liner 
temperatures were the major items of interest. The catalytic reactor operating 
temperatures and autoignition in the premixing ducts were critical items at 
all times when the combustor main stages were fueled. 

Typical test conditions for the operating points listed above are pre- 
sented in Table 4. At many of these test conditions, parametric tests were 
also conducted to determine the effects of reference velocity changes, fuel 
splits between the pilot and the main stage, fuel/air ratio changes, etc. 


33 



Coinb iif^ tor Thoi'0ioc'out)lii?» 


oeayrc* 







Table 4. Sector Com'juator Teat Conditions. 


Teat Condition 

Percent 
Rated Thruat 

Inlet 

Pressure 

KPa 

Inlet 

Temperature 

K 

Fuel/Air 

Ratio 

Engine Cycle 
Pressure 
MPa 

Idle 

6 

401 

485 

0.0123 

Same 

Approach 

30 

414 

636 

0.0139 

1.21 

Reactor Ignition 

6C 

414 

717 

0.0192 

1.97 

Cruise 

— 

414 

745 

0.0220 

1.12 

Climb 

85 

414 

781 

0.0222 

2.63 

Takeoff 

100 

414 

814 

0.0243 

3.02 

Ground Start 

— 

107 

300 

— 

Same 


CO 

Ul 




The CAROL gas analysis systea was calibrated before each run using the 
gases indicated in Table 5. 


Table 5. Eaission Instruaent Calibration Gases. 


Gas 

Constituent 

Span Gases 

1 

1 

2 

3 

4 

CO2. z 

2.48 

3.96 

5.85 

7.95 

CO, ppm 

233 

447 

945 

2380 

HC*, ppm 

268 

— 

— 

— 


268 

699 

144C 

. — — 

NO,**, ppm 

29.8 

68 

— 

— 


29.8 

68 

287 



Calibrated in ppa CH^ using C 3 Hg span gas. 
**Callbrated with NO^ span gas. 


Because much of the testing involved operation at or near the catalytic 
reactor temperature limits, any problems in setting test conditions could lead 
to hardware damage. Whenever a reactor was overtemperatured, the entire set 
was replaced in order to assure consistency between the reactors. For the 
last portion of the testing program, individual fuel control valve; were used 
in the lines to the four catalytic reactors. Using this control system while 
monitoring the catalytic bed thermocouple readings allowed test points to be 
set very close to the limiting temperature. 

5.2 SUBCOMPONENT TEST RIGS 

Extensive subcomponent testing was conducted prior to the full scale 
sector-combustor tests. The purposes of these subcomponent tests were to: 

a Verify that the airflow patterns in the premixing ducts were uniform. 
Any flow separation could lead to long fuel residence times and auto- 
ignition during the high temperature combustion tests. 
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• Conduct tcreening tests of possible fuel injectors for the preaixing 

sections of the cstelytic reactors. 

# 

e Conduct fuel aising and spreading tests of the premizing ducts at 
pressure levels to be used during the combustion tests. 

a Conduct performance tests on catalytic reactors to select a configu- 
ration for use during the full-scale sector combustor tests and to 
generate pressure corrections for catalytic reactor performance to 
be applied to the 0.41 MPa sector-combustor test data. 

Two types of test rigs were used for these tests: ambient pressure and 

te^>erature rigs and high pressure rigs. 

5.2.1 Ambient Pressure Rigs 

The low pressure airflow patterns and fuel injector screening tests were 
conducted in plastic models of the premixing ducts. Perforated plates were 
used at the exit of the premixing duct models to simulate the pressure drop of 
the catalytic reactors and, therefore, give the same airflow patterns as in an 
actual combustor. In the case of the parallel staged combustor, a flat sector 
model (two dimensional) was used. Figures 19 and 20 show photographs of this 
model. Figure 21 shows the premixing duct wall contours. 

For the reverse flow combustor with cylindrical catalytic reactors, a 
full-scale cylindrical model was used for the ambient pressure tests. This 
model was also constructed of plastic and used a perforated plate to simulate 
the catalytic reactor flow restriction. A photograph of this model is shown 
in Figure 22. 

Various fuel injectors were evaluated in the two premixing duct types 
during the ambient pressure screening tests. Typical fuel inje.tor designs 
for the parallel staged annular ducts are shown in Figure 23 and concentrated 
on spray rings and spray bars of various t 3 rpes. Fuel injectors considered for 
the reverse flow coannular ducts are shorn in Figure 24. Both spray bars or 
tubes and pressure atomizing nozzles %rere evaluated. Fuel nozzles are con- 
sidered appropriate for use in Che cylindrical ducts because the spray patterns 
(conical) are symmetrical with Che ducts. 
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Figure 21. Parallel-Staged Combustor Premixing Duct Wall 
Contours and Instrumentation 
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Figure 23. Parallel-Staged Combustor (Annular) Fuel Injector. 
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Fuel Jets 
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(a) Plain Jet Fuel Tube 
(Holes at 45® or 90®) 



C 

A-A 


(b) Plain Jet Fuel Tube 
With Air Baffles 



(c) Pressure Atomizing Fuel Nozzle 
With Venturi 


(d) Pressure Atomizing Nozzle 
With Dual Spray Angle 


(e) Fuel Tube with Deflector Plate 


Figure 24. Reverse Flow Combustor (Cannular) Fuel Injector Designs. 
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Ambient Pretaure Rig Imtrumentation 


The inetrumentetion for the ambient pressure duct tests consisted of wsll 
static pressure taps, traversing single-element pressure probes to determine 
airflow patterns and sampling probes to collect fluid at the discharge of irhe 
perforated plates. The wall static pressure tap locations are shown in Figure 
21. Total pressure traverse probe positions were at 2.54 cm from the duct 
inlet, at 2.54 cm from the duct exit and at the exits of the perforated plates 
Traversing probes to collect fluid used to simulate fuel were mounted at the 
duct exit. The fluid collection probes are shown in Figure 20. Graduated 
cylinders were used to determine the volume of fluid collected from each probe 
A similar probe arrangement was used to collect the fluid during tests of the 
reverse flow combustor premixing duct. 

Ambient Pressure Rig Test Procedures 

Flow patterns and wall static pressure measurements were conducted with 
ambient pressure and temperature air. The airflow ri.tes were set to obtain 
approximately the same pressure loss across the perforated plate as would 
occur on the catalytic reactors in a combustor (3% to 4Z). 

During the fuel injector screening tests, water was used to simulate 
fuel. The objective of these tests was to screen potential fuel injector 
candidates to achieve uniform fuel (water) distribution at the premixing duct 
exit. In order to minimize gravitational effects on the water droplets, the 
test rigs were used in a vertical attitude with the airflow direction from 
the top to the bottom of the rig. 

Test conditions for the ambient tests of the parallel and reverse flow 
designs are shown in Table 6. 

The moat important criteria for judging fuel distribution uniformity from 
the ambient tests with water was the standard deviation, o, of all of the sam- 
ples taken. In addition to the overall standard deviation, other statistical 
data was calculated to further characterize the flow distributions. For the 
annular duct (parallel-staged combustor) ridial and circumferential standard 
deviations and the kurtosis were also calculated. The radial stan«^ard devia- 
tion and the kurtosis are based on the averages of the values in each of the 
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Table 6. Subcomponent Ambient Pressure Test Points 


Cycle 

Condition 

Rated 
Thrust, Z 

Combustor Inlet 
Pressure, kPa 

Combustor 
Inlet Temp. R 

Test Rig 
Airflow, 
kg/s 

Test Rig 
Liquid/Air 
Ratio 



Parallel-Stai 

ted Concept 

■■ 


Approach 

30 

107 

289 


0.0070 

Approach 

30 

107 

289 


0.0104 

Takeoff 

100 

107 

289 

0.50 

0.0182 

Takeoff 

100 

107 

289 

0,50 

0.022 

Cruise 


107 

289 

0.50 

0.017 

Cruise 


107 

289 

0.50 

0.020 



Reverse-Flow Cai 

inular Concept 



Approach 

30 

107 

289 

0.1? 

0.0070 

Approach 

30 

107 

289 

0.12 

0.0104 

Takeoff 

100 

107 

289 

0.11 

0.0182 

Takeoff 

100 

107 

289 

0.11 

0.022 

Cruise 

— 

107 

289 

0.11 

0,017 

Cruise 


107 

289 

0.11 

0.020 
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ten circuaferenClal saapling rows used. The kurtosis is a measure of the 
flatness of peakedness of a distribution curve. A flat distribution has a 
kurtosis of 1.7, concave curves have a kurtosis less than 1.7, convex curves 
have a kurtosis greater than 1.7, %rith the kurtosis of a norsMl distribution 
being around 3. The kurtosis of distribution is given by the fourth moment 
divided by the square of the second moment, or, 

1 “ 

-I (Xi - X)^ 

, . • _ " i-1 

kurtosis “ 

[■ I 

where: 

Xi is an individual sample voluaw 
X ?s the average of the grouping in question 

and 

n is the sample size. 

The circumferential distribution data, and the kurtosis, are based on the 
averages of the values at each of the 18 radial stations. 


5.2.2 High Pressure Test Rigs 


To verify the performance of the fuel distribution system and duct mixing 
developed in the ambient tests, tests at sector combustion inlet test condi- 
tions 1 /ere conducted in the sector combustor test rig (Figure 11) for the 
parallel-staged design. However, for these fuel distribution tests, only the 
premixing duct and the catalytic reactor were used. The assembly of the duct 
and the reactor were mounted directly in line with the gas sample rakes of the 
test rig as shorn in Figure 25. In the case of the reverse flow design, a 
separate test rig was utilized. The cannular catalyst configuration was 
tested in a high pressure test rig capable of 1.6 MPa and 815 K. The test 
rig and instrumentation are shown in Figure 26. This test rig consisted of 
sections of 15 cm diameter, schedule 40 stainless steel pipe with appropriate 
flanges, instrumentation ports, and a fuel injector mounting boss. The 
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Figure 25. Test Rig for Fuel Distribution Tests of Parallel-Staged Combustor Premixing 
Duct. 


<1 



A 

00 



Figure 26. High Pressure Subcomponent Test Rig Assembly for Fuel Distribution and 
Catalytic Reactor Performance Tests. 
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catalytic reactor and prefixing duct asseably were mounted in one of the test 
rig flanges. This IS ca pipe rig was used for both fuel distribution tests 
for the reverse flow coabustor and for performance tests of the catalytic 
reactors. ' 

During the performance testing of the catalytic reactors (after the test 
of the second configuration), a shield was added to the test rig just aft of 
the catalytic reactor to reduce possible radiant beat loss from the catalytic 
reactor to the test rig wall. This shield was added in two increments of 
approximately 8 and 5 cm (total 13 cm). Also, both the test section and the 
instrumentation %rere insulated to reduce heat losses. 

The candidate catalytic reactor configurations are listed in Table 7. All 
of the configurations used a precious metal catalyst applied on an alumina 
washcoat. The different configurations represent different substrate materi- 
als and different cell geometries in order to determine the effect of these 
parameters on performance. All of the configurations had two elements sepa- 
rated by a spacer except for Configuration 3. Configurations 1 and 3 used the 
same cell density. Configuration 2 used an increased cell density relative to 
1 and 3. Configuration 4 used an increased cell density in the forward element 
and the same density as Configurations i and 3 in the aft element. The pres- 
sure drop for these catalytic reactors ;.anged from 3Z to 4Z of the inlet pres- 
sure with the single-cell, single-element Configuration 3 having the lowest 
pressure drop. 

Two of the configurations utilized Torvex a-alumina substrates which 
have a recommended maximum continuous operating temperature level of 1770 K. 
Configuration 2 used a zircon composite substrate, id;ich has a continuous oper- 
ating temperature limit of 1700 K and a melting point on the order of 1920 K. 
Adequate supplies of this material were available for this program, however, 
this product is no longer commercially available. The forward section of the 
fourth configuration had a lo%fer maximum continuous use temperature of 1623 K. 
However, substrate temperatures achieved in the forward sections of the cata- 
lytic reactors are expected to be lower than for the aft sections. 

A photograph of one of the catalytic reactors installed in a housing is 
shown in Figure 27. The catalytic reactor housing used in the high pressure 
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Table 7. Catalytic Reactor* Configurations For High-Pressure, Single-Can Tests. 


Configuration 

Length, cm 

Channel Density 
Channel s/in^ 

Substrate 

Material 

Predicted 
Pressure Loss, 
Percent 

1. Single-Cell Multielement 




3.6 

Inlet Segment 

7.6 

60 

Torvex- 

a-alufflina 


Space 

1.3 

- 

- 


Downstream Segment 

3.8 

60 

Torvex- 

a-alumina 


2. Single-Cell, Multielement 




4.0 

Inlet 

5.1 

96 

Zircon 

Composite 


Space 

0.6 

- 

- 


Downstream 

7.0 

96 

Zircon 

Composite 


3. Single-Cell, Single-Element 

12.7 

60 

Torvex- 

a-alumina 

3.0 

4. Multicell, Multielement 




4.0 

Inlet 

6.4 

120 

Torvex- 

mullite 


Space 

0.6 

- 

- 


Downstream 

5.7 

60 

Torvex- 

a-alumina 


*A11 utilize Engelhard Proprietary Catalysts 
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Figure 27. Front Face of Catalytic Reactor for Single-Can Catalytic 
Reactor Performance Tests. 
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catalytic reactor teats is identical to the housing used in the Reverse-Flow 
sector combustor (Figures 8 and 10). 

High Pressure Rig Instrumentation 

During some of the testing (fuel/air distribution tests), fuel/air ratio 
profiles were aieasured for a nonburning condition. During these tests, an 
uncooled gas sampling rake was used. 

The system utilized for these measurements is shown in Figure 28. The 
samples were burned in a catalytic oxidizing cell and the fuel/air ratio then 
determined from the CO2 concentration in the products. With the system 
used, dilution airflow could be added in the case of saiiq>le8 with very high 
fuel/air ratios. In these instances, the dilution air is carefully metered 
to accurately adjust the measured fuel/air ratio value to the actual value. 

During the combustion tests with catalytic reactors in the high pressure 
15 cm diameter rig, water cooled gas sample rakes were used and the same gas 
analysis equipment used for the sector cond>ustor tests (Paragraph 5.1) was 
used to determine the performance. For the first catalytic reactor test, gas 
samples were extracted close to the catalytic reactor exit. For the remainder 
of the tests, the gas sample rake was moved aft to provide the same gas resi- 
dence time aft of the reactor as was available between the catalytic reactor 
and the combustor exit in the engine configuration. 

Catalytic reactor bed temperatures were measured during some of the tests. 
Figure 29 shows the thermocouple locations for the first catalytic reactor 
test which was typical. Thermocouples were located at the inlet and exit of 
the forward element, at the exit of the downstream element, and in the space 
between the two elements. Platinum thermocouples were used for the catalytic 
reactor bed temperature measurements. 

The premixing ducts were instrumented to detect any signs of autoigni- 
tion of the fuel/air mixture during the high pressure tests. Chrome 1 -a lumel 
thermocouples attached to the duct walls were used for this purpose and the 
locations are indicated in Figu.e 26. 
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Figure 28. Fuel/Alr Ratio Analysis System Diagram. 


ORIGINAL PAGE 1$ 
OF POOR QUALITY 







ORlGiNAL PAGE IS 
OF POOR QUALmf 


High Pressure Rig Teat Procedure* 

The initial tests conducted in the high pressure rigs (Figures 11 and 26) 
were fuel distribution measurements for various candidate fuel injectors and 
premixing duct configurations. These tests were conducted without combustion 
and an uncatalyzed substrate was used in the catalytic reactor housing to pro- 
vide the proper system pressure loss. The fuel distribution at the catalytic 
reactor exit plane was determined by gas analysis. The fuel distribution 
tests for the parallel staged combustor were limited to 0.4 MPa pressure 
because of the sector test rig structural limitations. The tests for the 
reverse flow combustor were conducted in the 15 cm diameter pipe rig and were 
conducted at pressures up to 11 MPa. In both rigs, tests were conducted with 
inlet temperatures up to 810 K (combustor inlet temperature at takeoff condi- 
tions). 

The subcomponent performance tests of the catalytic reactor configura- 
tions were all conducted in the 15 cm diameter pipe rig with the primary 
measurements being premixing duct wall temperatures (to detect autoignition), 
catalytic reactor bed temperatures, and gas samples at the reactor exit. 

The major test operating conditions were approach, cruise, and takeoff 
conditions. Approach power conditions with low inlet temperatures were the 
most severe from the standpoint of achieving performance, while takeoff condi- 
tions presented the most severe conditions relative to operating temperatures 
because of the high inlet temperature and cycle fuel/air ratio. 

The test conditions for these investigations are presented in Table 8. 
Host of the catalytic reactor performance evaluations were made at 0.41 MPa 
pressure since that would be the sector combustor condition. However, tests 
were also conducted up to 1.1 MPa to generate pressure corrections. Fuel 
flows were varied over a range for each configuration to determine the effi- 
ciency characteristics versus fuel/air ratio. Each configuration was run up 
to a fuel flow where the bed temperature limit was reached. During the test- 
ing, airflow rates were a" so varied (generally to lower values) to determine 
velocity effects. These parametric variations in test condition were selected 
during the tests depending on the catalytic reactor performance levels. 
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Table 8. Subcomponent High Pressure Rig (15 cm diameter) Test 
Point Schedule for Evaluation of Catalytic Reactors. 


Cycle Condition 

Pressure, 

MPa 

Temperature, 

K 

Airflow, 
kg/ s 

Fuel/Air 

Ratio 

Approach 

0.41 

635 

0.19 

0.005 to Reactor 





Tempera 

ture Limit 


1.1 

635 

0.51 



60% Power 

0.41 

717 

0.18 




1.1 

717 

0.48 



Cruise 

0.41 

745 

0.16 




1.1 

745 

0.44 



SLTO 

0.41 

814 

0.15 




1.1 

814 

0.40 
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6.0 RESULTS AND DISCUSSION 


The initial task in this program involved the testing and development of 
fuel injection systems for uniform fuel distribution to the catalytic reactor. 
The second major effort the evaluation of several candidate catalytic 
reactor systems to select the configuration for use in the combustion system 
tests which constituted the final program activity. 

6.1 FUEL INJECTION SYSTEM TEST RESULTS 

The need to achieve very uniform fuel distribution for the main stage 
(catalytic reactors) of the combustion system presented a major challenge 
during this program., and an extensive series of subcomponent tests of fuel 
injector systems was c.onducted. The catalytic reactor substrates utilized 
during the sector combustor tests have continuous operating temperature 
capabilities of approximately 1700 K, although somewhat higher temperatures 
are acceptable for short periods of time. Thus for a 1700 K reactor tempera- 
ture limit, any maldistribution of fuel results in reduced total fuel flow 
(average temperature) within the reactor. A very challenging goal for the 
local fuel/air ratio (no more than lOZ above the average fuel/air ratio) 
was established for this program based on the allowable continuous operating 
temperature of the catalytic reactors and the cycle takeoff average fuel/air 
ratio required. 


Catalytic Reactor Continuous Operating 1700 K 

Temperature Limit 

Air Inlet Temperature (Takeoff Conditions) 814 

Allowable Peak Temperature Rise 886 

Allowable Peak Fuel/Air Ratio (f) 0.0267 

(From Temperature Rise and Inlet 
Temperature for Jet-A Fuel) 


, . f peak 0.0267 

uni ormity ^ cycle at takeoff 0 0243" 
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In addition, Che length of Che premixing ducts Co achieve the uniformity 
indicated above were limited to approximately 13 cm because of Che potential 
for auCoignicion of Che fuel and air mixture at some operating conditions 
(Paragraph 4.2). 

Preliminary screening tests of the fuel injector systems were conducted 
in Che ambient pressure and temperature test rigs with water injection repre- 
senting Che fuel injection. 

Prior Co conducting the ambient distribution tests, an investigation of 
the (velocity profiles at the exit of the simulated fuel/air premixing ducts 
was carried out to assure uniform airflow profiles. Any flow separation 
would result in long fuel/air resident times locally and could lead to auto- 
ignition. As shown in Figures 30 and 31, both the parallel duct and reverse 
flow ducts exhibit very uniform velocity at Che duct exit. Although the 
center duct velocities were somewhat above the overall average, Che velocities 
at Che outermost measurement areas were between 801 and 90Z of the average 
velocity. 

Results of Che water distribution tests for 10 parallel duct fuel injector 
configurations and 7 reverse flow duct fuel injector configurations are pre- 
sented in Tables 9 and 10, respectively. Each of the evaluation parameters, 
o, op, oc and the kurtosis were given a rating on an arbitrary scale from one 

to five where Che lowest number represented Che best performance. The product 

of Che individual ratings was used for Che overall rating. 

At this point in the fuel injector development, Che most promising fut>l 
injector configurations appeared to be the annular spray ring for Che parallel- 
staged duct. Figure 23(a), and the pressure atomizing fuel Injector for the 
reverse flow duct. Figure 24(c). However, che fluid profiles were generally 
center-peaked and little of che fluid (H2O) followed che duct contours at the 

duct exit flare. It was likely Chat, at Che high temperatures associated with 

the actual engine cycle, Che fuel would evaporate and the vapor would follow 
Che airsCream which was known to follow the duct contour. Nevertheless, 
a conical premixing duct which would avoid the flow turning at Che exit was 
designed for the reverse flow combustor. In order to maintain the residence 
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Figure 30. Exit Velocity Profile Downstream of Simulated Catalyst Face for 
Parallel-Staged Combustor Premixing Duct. 
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Table 9. Parallel Flow ConfiguraCion - H 2 O DisCribution Test Suonary. 



Configuration 

Overal 1 

Radial 

Circumferent ial 

’“est 

(Hole diam. and fluid 4P) 

Rating 

iHI' 


Kurtosis 

<^c 

Kurtosis 

1 

Carb . Tubes 
> 1 psiA 

540 

—ai 

0.796 

(3) 

3.16 

(5) 


2.25 

(4) 

2 

1 Spray Ring 
0.5 mm Diameter, 
35 KPa AP 

128 

1.25 

(4) 

0.893 

(4) 

2.72 

(4) 


1.76 

(1) 

3 

I Spray Ring 
0.3 mm Diameter 
35 KPa AP 

60 

1.01 

(3) 

0.853 

(4) 

3.00 

(5) 

0,238 

(1) 

1.75 

(1) 

4 

1 Spray Ring 
0.3 nn Diameter 
172 KPa AP 

24 

0.841 

(2) 

0.762 

(3) 

2.77 

(4) 

0.199 

(1) 

1.69 

(1) 

5 

1 Spray Ring 
0.3 mm Diameter 
414 KPa AP 

8 

0.877 

(2) 

0.500 

(1) 

1.77 

(1) 

0.375 

(2) 

1.87 

(2) 

6 

i 

i 

2 Spray Rings 
0.3 mm Diameter 
172 KPa AP 

48 

0.784 

(1) 

0.700 

(3) 

2.60 

(4) 

0.333 

(3) 

1.91 

(2) 

i 

7 

2 Spray Rings 
0.3 mm Dim^eter 
172 KPa AP 

240 

1.494 

(5) 

0.730 

(3) 

1.53 

(2) 

0.620 

(4) 

1.61 

(2) 

8 

j 

2 Spray Rings 
0. 3 ran Diameter 
172 KPa AP 

72 

1.205 

(4) 

0.498 
(1) 1 

1.51 

(2) 

0.522 

(3) 

2.07 

(3) 

9 

2 Spray Rings 
0.3 mm Diameter 
172 KPa AP 

12 

U.686 

(1) 

0.600 

(2) 

2.27 

(3) 

0.250 

(1) 

1.90 

(2) 


5 Spray Bars 
1.5 psiA 

576 

1.155 

(4) 

0.736 

(2) 

2.54 

(4) 


2.25 

(4) 

1 


Notes: 1. Rating - Lowest number shows best performance. 


2. Numbers in parentheses indicate ranking on a scale of 1 to 5 with 
the lowebC number representing best performance. 

3. Similar configurations («uch as Tests 6, 7, 8, and 9) were run 
with different hole patterns in the spray ring(s). 















Table 10. Reverse Flow Configuration - H 2 O Distribution Test Summary. 


Standard Duct 


Test 

Configuration 
1— 

Overal 

Rating 

0 

Kurtosis 

1 

Plain Jet Fuel Tube-Holes at 90* 

2 

0.79 

2.1 


0.5 on disaster holes, 55 KPa &P 


(2) 

(1) 

2 

Plain Jet Tube with Baffle 

6 

0.84 

1.5 


0.5 nm diaaeter holes, 35 KPa 4P 


(3) 

(2) 

3 

Venturi Nozzle 

1 

0.73 

2.0 


517 KPa aP 


(1) 

(1) 

4 

Plain Jet Tube - Holes at 45* 

8 

1.02 

2.5 


0.5 mm diaoater holes, 55 KPa &P 


(4) 

(2) 

5 

Dual Spray Angle Nozzle 

8 

0.99 

2.4 


577 KPa AP 


(4) 

(2) 

6 

Single S'- ray Angle Nozzle (90*) 

15 

1.17 

3.1 


Simplex Nozzle 73 psiA 


(5) 

(3) 

7 

Fuel Tube With Deflector Plate 

10 

1.16 

2.4 


41 KPa AP 


(5) 

(2) 

Note 

: Rating value in parenthesis indicates ranking for param- 


eter indicated on a scale of 1 to 5 with 

lowest number 


representing best performance. 

The overall rating is 


the product of the other two ratings. 
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time within the duct (2 ms at the design point), the length of the conical 
duct was only / versus 13 cm for Che original duct configuration. It was 
felt that to achieve adequate fuel spreading in the very short length conical 
due*-, some means of augmenting radial fuel spreading %iou]d be required. 
Therefore, vortex generators %rere used et the duct entrance. The pressure 
drop associated with the vortex generator drag was approximately 0.5Z of the 
inlet pressure. The fuel nozzle tip was located axially in the duct entrance 
so that none of the fuel entered the separated flow regions at the vanes but 
did enter into the vortices aownstream of the vanes. A series of tests was 
conducted to evaluate the conical duct with vortex generators and pressi..*e 
atomizing nozzles for the reverse flow combustor. Considerable improvement 
relative to the standard duct was achieved. The standard deviation of the 
fluid samples at the duct exit was 0.34 versus 0.73 (Table 10) for the earlier 
tests. Figure 32 shows the resulting conical duct configuration which used 
three pairs of vortex generator blades at the duct entrance. 

At this point in the program, the sector combustor rig and the high pres- 
sure pipe rig were available and premixing duct fuel distribution tests were 
continued with actual fuel at elevated pressures and temperatures. 

The initial high pressure tests were carried out with both the original 
cylindrical duct design and the new conical duct configuration for th'* reverse 
flow combustor. Both ducts were equipped with the vortex generator blades and 
pressure atomizing nozzles. 

The standard duct, when eruipped with a simplex fuel nozzle and vortex 
generators, did not provide adequate spreading and mixing of the fuel as 
indicated by center-peaked profiles. Fuel nozzle flow characteristics, such 
as spray angle and nozzle pressure drop, had very little effect on the profile 
shape. 

The conical inlet test results were also disappoincing: tdien the inlet 

was equipped with a simplex fuel nozzle, center-peaked profiles were obtained. 

Based on these initial results, the following conclusions were drawn 
relative to the current inlet duct premixing designs: 
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^ Three Pairs of Vanes 
Equally Spaced at Inlet 


Figure 32. Conical Premixing Duct with Vortex Generators 
to Promote Fuel Spreading and Mixing. 
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The increased air density relative to the mbient tests suppresses the 
radial spreading of the fuel drops. The axial noinentum of the air is at least 
10 tines greater than the radial mooentum of the fuel drop. This lack of fuel 
droplet penetration at pressure was also indicated in prenixing duct tests 
conducted at HASA (Reference 11). 

In order to permit more fuel spreading, the standard duct was modified 
with an extension added to the inlet. The purpose of the larger-diameter 
inlet was to permit the fuel droplets to penetrate further across the duct in 
the lower velocity air in the forward section. However, the inlet extension 
increased the duct residence time from 2.0 to 6.6 ms. The vortex generators 
were removed from the throat of the duct to eliminate a possible flame-holding 
source with upstream fuel injection. The results of these tests are shown in 
Figure 33. Although the profiles were improved from the original standard 
duct, the peak fuel/air ratios were still above the desired level. 

Based on the test results obtained in the one-atmosphere tests and the 
high-pressure subcomponent tests, it was concluded that the very challenging 
goal of obtaining a uniform fuel/air profile with a peak value within lOZ of 
the average with only 2 ms residence time would require extensive additional 
development. Therefore, a longer conical duct with 11 ms residence time was 
constructed to determine if additional added mixing length would provide the 
desired profiles. The 11 ms time was selected based on autoignition and flash- 
back criteria (Reference 12) for operation in the subcomponent and sector com- 
bustor tests. With this residence time, autoignition would not be expected 
below a pressure of 1.2 MPa as shown in Figure 34. Both the sector combustor 
tests and the high pressure pipe tests were to be conducted at pressures below 
this level. However, it is recognized that in an engine application where the 
pressure is much higher, the residence times would have to be reduced to avoid 
flashback and autoignition. As expected, much improved fuel/air profiles were 
obtained, approaching the target level. The results for the test with the long 
(41 cm) conical duct are shown in Figure 35. At the takeoff condition, the 
fuel distribution met the objective level. At approach conditions, the profile 
exceeded the goal somewhat, but with the lower inlet temperature and cycle 
fuel/air ratio this profile was fully adequate. The long conical duct was 
selected as the inlet design for the initial reverse flow sector combustor 
testing . 
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Figure 33. Premixing Duct Exit Fuel Distribution with Increased Length. 
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Next, Che fuel/ air discrlbucion tests sC elevated pressures and tempera- 
tures were carried out for Che parallel duct system. The test was condu> id 
in Che sector combustor test rig, and the data was acquired with gas sample 
rakes at Che catalytic reactor discharge plane. Typical results obtained are 
shown in Figure 36. The results were encouraging since Che peak-Co-metered 
values were significantly lower than Chose obtained in the ambient tests. 
However, further improvements would eventually be required to meet Che goal 
level of 1.1 peak to average fuel distribution. 

At this point, fuel inject ion/ duct systems were selected for the combus- 
tion test phase. For the reverse flow combosCor, Che long conical duct with 
vortex generators and single pressure atomizing nc-^iile was selected even 
chough Che residence time was 11 ms. This configuration would be adequate for 
operation to approximately 1.24 MPa pressure operation without autoignition. 
This pressure level would be high enough for all of Che planned high-pressure, 
catalytic reactor tests and would provide considerable margin for the 0.41 
MPa sector-combustor tests. 

The single ring fuel injector and the original length premixing duct (2 
ms residence time) were selected for Che parallel-staged combustor. Even 
chough Che objective fuel distribution had not yet been achieved, it was con- 
sidered beyond the scope of Che current program to redesign and build new 
ducts for the parallel-staged combustor. The ducts involve compound curva- 
tures and would require long lead times for procurement. 

As will be shown in a later section of this report (Section 6.3), efforts 
to improve fuel distribution were continued during the sector-combustor test- 
ing. The goal level of 1.1 peak to average fuel distribution was eventually 
achieved by Che addition of perforated plates just upstream of the fuel 
nozzles. The perforated plates caused a marked improvement in fuel distri- 
bution because the inlet airflow pattern could be better matched to Che 
fuel spray pattern by selecting the proper size and location of the perfora- 
tions. The increased turbulence of the air jets also improved the mixing 
process . 
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Figure 36. Parallel Duct Fuel Distribution at Simulated Approach 
Power Conditions, 
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6.2 SINGLE CAN CATALYTIC REACTOR PERFORMANCE TESTS 


Single can catalytic reactor teats were conducted to select the catalytic 
reactor configuration for use in the sector'combustor tests and to investigate 
the effects of operating pressure on catalytic reactor performance. The pres- 
sure correlations generated during these tests would be used to correct the 
four-atmosphere, sector-combustor tests to engine pressure levels. The single 
can, catalytic reactor tests were conducted at pressure levels ranging from 
0.41 to approximately 1.11 MPa in the test rig previously illustrated in Figure 
26. This is the same test rig as used in the high pressure fuel distribution 
tests . 

Four catalytic reactor configurations were evaluated during this test 
series and a repeat test on one of the configurations was conducted. 

During the course of the single can catalytic reactor performance test- 
ing, a number of improvements were made to the test rig and instrumentation. 
Because of these changes and the fact that the second cun..iguration did not 
exhibit results up to expectations, a repeat test of Configuration 2 was 
ccnducted. The results for Configuration 1 are probably not as reliable as 
for the other tests. Tests of Configurations 3, 4, and the repeat of Configu- 
ration 2 is, therefore, the primary basis for these discussions. 

Light off in the catalytic reactors proved to be no problem at any of the 
test conditions. Activity in the catalytic reactors, as indicated by bed 
thermocouples, was observed almost as soon as fuel was introduced into the 
system. Although no steady-state readings were taken at the very low fuel/air 
ratios, the data in Figure 37 shows that even for the approach power condi- 
tions significant activity was present at fuel/air ratios down to at least 
0.01 which was below the required steady-state operating conditions for the 
catalytic reactors (Reference, Table 2). Figure 37 also shows that at the 
approach power conditions (T inlet * 631 K) high combustion efficiencies were 
not achieved even at fuel/air ratios in excess of 0.020. It was apparent that 
light off would be no problem but combustion efficiency would need improvement. 
Although catalytic reactor operation is not required at approach conditions 
(T inlet « 633 K) , it is required at 60% power (T inlet - 717 K) . It appeared 
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that at the low power condition the catalytic reactor- bed temperatures did not 
reach the expected levels. As shown in Figure 38 at 633 K inlet temperature, 
the bed temperatures were below predictions, but were above predictions at 811 
K inlet temperature. 

Combustion efficiencies as a function of fuel/air ratio for the four con- 
figurations are shown at cruise conditions in Figure 39. The test data for 
the repeat test of Configuration 2 are presented in this figure. Configurc'- 
tions 2 and k were clearly superior and reached the target efficiency level of 
99Z within the bed temperature limits. Configuration 2 reached a level of 
99.91 within the temperature limits and was selected as the choice for the 
sector combustor testing to follow. Configuration 2 also had the substrate 
material with the high melting point which was also considered a desirable 
feature. 

The N0]( emissions levels were also measured during these tests and were 
well below the cruise objective level of 3.0 g/kg for the overall combustion 
system. As shown in Figure 40, the emissions indicies were less than 1.0. 
Most of the test dnta were at 0.41 MPa, the sector combustor pressure level, 
but for one point at 1.1 MPa, the NO,^ emission index did not increase from the 
levels measured at the lower pressures. Other investigators have also found 
that NO^ emissions levels were independent of operating pressures for premixed 
systems (Reference 13). Also, there was no apparent increase in NO^ with 
fuel/air ratio over the range tested. 

Unburned hydrocarbons and carbon monoxide were also meast ed. The hydro- 
carbon emission indicies were quite high as expected when the combustion effi- 
ciencies were low, and decreased steadily as combustion efficiency was 
increased. The carbon monoxide emissions were low at the very low efficiency 
levels (below 502), increased initially as efficiencies increased to about 
702, and then decreased again as the combustion efficiency level:;, approached 
1002, Some results are presented in Figure 41 for cruise operating conditions. 

The effects of pressure and reference velocity on catalytic reactor per- 
formance were also determined. The combined effects of flame temperature, 
reference velocity, and pressure on combustion efficiency were correlated using 
multiple-regression analyses. The following functional form was used for this 
analysis: 
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Figure 38. Comparison of Measured and Estimated Catalyst Bed 
Centerline Temperature. 
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Figure 39. Combustion Efficiency Versus Fuel/Air Ratio from 
Catalytic Reactor Subcomponent Tests at Cruise 
Operating Conditions . 
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Figure 40. NOjj Qnlsslons Indices as a Function of Fuel/Alr Ratio for 
CatCLiytlc Reactor Configuration 2 at Cruise Condition. 
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Figure 41. Carbon Monoxide and Unburned Hydrocarbons Emission Indices as a 
Function of Combustion Efficiency at Cruise Operating Conditions 





JOO - n « P^Vyef ®exp (T^i/C) 


( 1 ) 


where Di F> ^reft ^adi* efficiency (in percent), the operating 

pressure level (psia) the reference velocity (ft/s), and the adiabatic flame 
temperature (* F) , respectively. A, B, and C are constants determined by the 
regression analysis. Functional forms similar to the above expression have 
been used in previous correlations of emissions from conventional combustors 
and catalytic reactors (References 5 and 14.'. 

Results of the above regression analysis are presented in Table 11. The 
first catalytic reactor test and the initial test of Configuration 2 were not 
included in the correlation because the test techniques were not .le same as 
for the last three tests. Also, not all of the variables were investigated 
for all of the catalytic reactors. Therefore, some blanks appear in the 
table. The correlations were done only for^ test data with combustion effi- 
ciencies of 70Z or above so that only data of practical interest was used. 


Table 11. Combustion Efficiency Correlation Constants. 



Coefficient Values 

Catalytic Reactor Configuration 

A 

^ B 

> 

C 

2 

-1.256 

— 

-95.95 

3 

— 

2.976 

“102.3 

4 

— 

— 

-105.9 

Selected Constant 

-1.25 

3.0 

-100 


Coefficient B, for reference velocity, was based on tly one test but is 
the same as determined during a previous catalytic combustion program (Refer- 
ence 14). Coefficient C for adiabatic flame temperature was evaluated for all 
three of the tests :n Table 11 and good agreement was obtained. The pressure 
coefficient. A, was based on only one of the tests. 
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The correlation for combustion efficiency can be used to correct from 
the 0.41 MPa pressure used in the sector-combustor tests to the higher 
pressures that would occur in an engine. 

In summary, the single-can high pressure rig tests resulted in the 
selection of a catalytic reactor configuration which met the efficiency goal 
at the design fuel/air ratio and appeared to have NO^ emissions levels well 
within the range required to meet the program goals when used in a combustion 
system, which would include pilot stage dome. The tests also provided the 
necessary relationships for effects of combustor inlet temperature, pressure, 
and reference velocity on catalyst performance to make adjustments to the 
subsequent sector combustor tests at 0.41 MPa to predict the performance at 
actual engine operating conditions. 

6.3 FULL-SCALE SECTOR COMBUSTOR SYSTEM TESTS 

The plan for the sector-combustor development phase involved conducting 
two baseline tests each on the basic parallel-staged combustor and the reverse- 
flow combustor follo%red by an additional six tests on the most promising of 
the two combustor systems. 

6.3.1 Baseline Sector Combustor Tests 

The reverse flow combustor, instrumented and ready for installation in 
the test rig, is shown in Figure 42. The parallel staged combustor installed 
on the test . i.g mounting plate is shown in Figure 43. 

During the first test of each of these combustors, high combustion effi- 
ciencies 099Z) could not be achieved with the catalytic reactors without 
exceeding the safe operating temperature of 1700 K. VRien the combustors 
were operated at 60Z power on the pilot stage only, the combustion effi- 
ciencies were in excess of 99. 7Z demonstrating the satiefactory performance 
of the pilot stage. However, when both the pilot and the catalytic reactor 
main stages were fueled, the combined system combustion efficiencies were less 
than 85Z. This was the case regardless of the fuel split between the pilot 
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and mail, stage and even when the residence time in the catalytic reactor was 
increased by reducing the combustion system airflow. Some of these tes: 
results arc presented in Table 12. 

Even with increased inlet temperature and reduced airflow rates, the 
efficiency of the system did not exceed 85Z. These efficiencies were based 
on gas samples extracted at the combustor exit plane. 

The basic parallel flow combustor was in good condition following the 
first test. Photographs of the hardware are shown in Figures 44 and 45. How- 
ever, for the reverse flow combustor, the catalytic reactors experienced damage, 
shown in Figure 46, as the result of poor fuel distribution caused by blockage 
from insulation that was used on the fuel lines. A portion of the insulation 
blankets was torn loose by air turbulence and the debris lodged on the forward 
face of the catalytic reactors. Figure 47 shows one of the blocked reactors. 

Based on the earlier single-can, catalytic-reactor tests, it was known 
that improved performance could be achieved by reducing the catalytic reactor 
reference velocity. The decision was made to reduce the reactor reference 
velocity ''he sector-combustor from a nominal value of 30 to 15 m/s. With 
the reduced velocity, the catalytic reactor pressure drop would also be 
reduced. In order to maintain the overall combustion system pressure drop and 
maintain normal pilot airflow, it was necessary to introduce a pressure drop 
in series with the reactors. This was accomplished by the addition of per- 
forated plates at the entrance to the premixing ducts. It was decided to use 
the existing hardware and accept the reduced reactor airflow associated with 
the reduced reference velocity in order to avoid a lengthy redesign and hard- 
ware procurement cycle. In effect, the test was conducted with and undersized 
main stage relative to the pilot stage. However, the combustor performance 
characteristics could still be determined with this approach. 

Figures 48 and 49 show perfoi-ated plates mounted on the premixing duct 
inlets of the parallel staged and reverse flow combustors, respectively. 

The addition of perforated plates (and pressure drop) at the premixing 
duct inlets provided another and very important benefit. The air profiles 
downstream of the perforated plates could be controlled by the hole pattern 
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Table 12. Combustion Efficiency for Initial Combustor Tests 



Reverse 

'Plow Coabustor 

Basic Parallel-Staged Coabustor | 

6 OZ Power 

60Z Power 

Cruise^^^ 

85Z<3> 

Takeoff<^> 

T 3 Inlet Teaperature, K 

710 

718 

715 

718 

719 

717 

718 

744 

778 

813 

f - Overall Puel/Air Ratio 

0.016 

0.0217 

0.0258 

0.0064 

0.007 

0.0162 

0.0149 

0.0172 

0,0163 

0.0164 

fp - Pilot Puel/Air Ratio^^^ 

0.0376 

0.065 

0.0323 

0.0171 

0.0187 

0.0184 

0.0183 

0.0182 

0.0186 

0.0186 

fg - Reactor Puel/Air Ratio^^^ 

— 

0.0226 

0.02 16 

— 

— 

0.0178 

0.0154 

0.0199 

0.0179 

0.0180 

Coabustion Efficiency, percent 

99.6 

83.7 

76.9 

99.8 

99.8 

76.4 

79.8 

82.7 

85 

84.9 


(1) Based on pilot stage airflow only 

(2) Based on catalytic raector airflow 

(3) Coabustion Systea reference velocity reduced 2SZ 
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configuration to match the fuel spray pattern. Also, the turbulence frum the 
jet mixing probably contributed to the fuel and air mixing in the premixing 
ducts. Very uniform fuel/air distribution, meeting the program objective of a 
peak to average ratio of 1.1, was achieved. Figure 50 presents profiles 
measured with the reverse flow combustor in the sector combustor test rig. 

For this test, the long premixing ducts (11 m/s residence time) were used. 

The profiles were calculated from thermocouple readings taken in the catalytic 
reactor bed. 

A significant improvement in reactor performance was achieved with the 
reduced reference velocity. Both of the combustor designs operated with high 
combustion efficiency for the first time and with no reactor damage or melting. 
Figure 51 shows the posttest discharge end of the catalytic reactor from the 
parallel-staged combustor. 

At 60Z power, the engine condition where the catalytic reactor is first 
fueled, the combustion efficiency was in excess of 99Z for both the reverse 
flow and the basic parallel staged combustors. Data at the 60Z power condi- 
tion is presented in Figures 52 and 53. 

Figure 52 shows radial gas sample data with fuel/air ratio (FAR), EINO^, 
and combustion efficiency (n) plotted as a percentage of passage height for 
the reverse flow combustor. There were four, five-element gas sample rakes 
located in the instrumentation section as described in Paragraph 5.1. Two of 
the rakes were read individually and two were ganged. For the reverse flow 
combustor, one individually read and one ganged rake were located in line 
with the catalytic reactor and one each were between reactors and therefore 
in line with pilot dome swirl cups. The readings for the ganged rakes are 
indicated by arrows in Figure 52. The radial fuel/air ratio profiles. Figure 
52(a), were uniform (very flat) in line with both the reactor and the pilot 
swirlers, with the reactor somewhat richer. The level of the two profiles is 
determined by the fuel split between the pilot and catalytic reactor. Note 
that a turbine rotor effectively integrates the temperature profiles in the 
circumferential direction and, therefore, would experience a flat profile 
corresponding to the average of the two individual profiles. The combustor 
pattern factor which is related to the turbine state. Life and is defined as: 
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Figure 51, Parallel -Staged Combustor Posttest Condition After Test Demonstratini 
High Combustion System Efficiency. 
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Figure 52. Radial Profiles of Fuel/Alr Ratio (FAR), NO^ Emission Index (EINOx) , and 
Combustion Efficiency (n%) at 60% Power for the Reverse Flow Combustor. 
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Pattern Factor 


Highest Local Temperature - Average Temperature 
Combustor Temperature Rise 


is a function of the highest local temperature. Therefore, pattern factor 
would be a function of the fuel split between the pilot and the catalytic 
reactor and could be minimized by using equal fuel/air ratios in the two 
stages of the combustor. 

The NOx emission index, Figure 52(b), is ultra low (0.3 to 0.4) from the 
reactor and higher (2 to 3) for the pilot. It became rather obvious from the 
data in Figure 52 and other data collected during this program that the results 
from the outer three samples on Rake C are representative of the catalytic 
reactor while the inner two elements contain a mixture of gases from the 
catalytic reactor and the pilot. Also, the inner three elements from Rake B 
are most representative of the pilot, while the outer two have a mixture of 
gases . 

Uniformly high combustion efficiencies were indicated for all of the gas 
samples whether in line with the pilot or catalytic reactor. 

Figure 53 presents comparable data for the basic parallel-staged combus- 
tor. In this case, the inner elements of the rakes get samples from the 
annular catalytic reactor and the outer elements are dominated by combustion 
gases from the pilot. For the test point shown, the pilot fuel/air ratio is 
higher than that of the catalytic reactor and the radial fuel/air ratio (and 
temperature) profile is peaked outward. The turbine rotor would experience an 
outward peaked profile in this case. 

The NOx emissions were greater by an order of magnitude than was observed 
for the reverse flow combustor. This was determined to be the result of auto- 
ignition and, therefore, droplet burning in the premixing duct. The auto- 
ignition was promoted by a step in the premixing duct where the fuel injector 
penetrated the sidewall. Figure 54 shows the fuel injector mounting port and 
the heat stain on the premix duct sidewall. The 0.32 cm high step in the 
sidewall tripped the flow and resulted in the autoignition. Carbon deposits 
were found in the tripped region and on the fuel injector tube near the wall. 

No heat stains or carbon deposits were found on the other side of the duct. 
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Figure 54, Parallel -Staged Combustor Preaix Duct Showing Heat Stain from 
Autoignltlon which Initiated at the Fuel Injector Mounting Port 
in the Duct Sidewall, 
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The autoignition did not adveraely effect the combustion efficiency and 
high efficiencies were indicated by all gas samples. 

Based on these results, the reverse flow combustor was selected for the 
refinement tests. The reasons for this selection were: 

• High efficiency combined with low NO^ had been demonstrated with 

the reverse-flow combustor without autoignition. Additional testing 
would be required to develop low NO^ and auto ignition- free perfor- 
mance with the parallel-staged combustor. 

• The cylindrical or conical premixing ducts of the reverse-flow com- 
bustor appeared to have more potential for achieving uniform fuel 
distribution than did the annular ducts of the parallel-staged com- 
bustors . 

e Flat radial temperature profiles were measured for the reverse flow 
combustor. 

• The length from compressor discharge to the turbine inlet was the 
same for the reverse flow combustor as for the combustor. The 
parallel-staged combustor required an engine length increase. 

e Catalytic reactor removal from an engine system for maintenance 
purposes would be considerably easier for the reverse-flow system 
than for the annular arrangement of the basic parallel-staged 
combustor. 


6,3.2 Reverse-Flow Combustor Refinement Tests 

The refinement tests were used to further investigate the range of opera- 
tion of the catalytic combustor, to investigate the use of a reduced length 
premixing duct, and to determine the effects of premixing duct perforated 
plate hole patterns. 

6 . 3 . 2 . 1 C ombustion Efficiency 

Figure 53 shows combustion efficiencies obtained from sev 1 tests from 
gas samples taken directly in line with the catalytic reactor for a range of 
inlet temperature and 0.41 MPa pressure. The reactor efficiency is approxi- 
mately 60Z up to O.OIS fuel/air ratio and then rises rapidly as the fuel/air 
ratio is further increased. At fuel/air ratios of 0.022 and above, the effi- 
ciencies were in excess of 99. 5Z. It is clear from this plot that, for the 
reactor conditions of this test, local fuel/air ratios must be at least 0.022 
in order to obtain combustion efficiency greater than 99, 3Z. This establishes 
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the mlnioKiffl reactor temperature, depending on the inlet temperature. The maxi- 
mum reactor temperature is 1700 K and these two limits establish the reactor 
operating range. 

The initial reverse flow sector-combustor tests were conducted with fuel 
premixing ducts that were 41 cm long versus 12 cm for the original combustor 
design. The added length was to provide mere uniform fuel distribution. The 
long length would be unacceptable for use at actual engine pressures. The last 
three of the four refinement tests of the sector-combustor were conducted with 
the original, short premixing ducts. Although the fuel distribution was some- 
what poorer with the short duct (1.23 versus 1.1 peak to average fuel/air 
ratio), no significant change in combustion efficiency was observed, as shown 
in Figure 55. 

The sector-combustor tests were conducted at four- atmosphere pressure 
with a nominal catalytic reactor reference velocity of IS m/s. Actual engine 
pressurea for the high-power conditions would be higher Chan in the component 
tests and would have a beneficial effect on combustion efficiency. As pressure 
is increased, reference velocity can also be increased with no change in com- 
bustion efficiency. The effects of increased pressure can be predicted ufing 
Che results of the single-can, catalytic reactor tests. The allowable increase 
in reference velocity as a function of pressure was calculated for constant 
combustion efficiency using Equation 1 (Section 6.2) and Che coefficients in 
Table 11. 


For constant combustion efficiency, n, and adiabatic flame tanperature, 


'^adi* 

(P^ V ®) 0.4 MPa Test 
ref 

(P^^^£ ) engine pressure 

and: V , . ■ 

ref, engine pressure 


0.561 (P°*^^^) (V ,)_ , 

engine ref Test 


( 2 ) 

(3) 


where pressure is in atmospheres. The effect of pressure on allowable ref^r- 
ence velocity, based on Equation (3), is presented in Figure 56. At true 






cruise conditions, the reference velocity could be increased to approximately 
23 m/s for the same combustion efficiency (99. 5X) as observed in the sector- 
combustor tests. Also, during the component test, there appeared to be some 
combustion efficiency margin. The reactor fuel/ air ratio is approximately 
0.026 at cruise conditions. The efficiency reaches 99. 7Z at a fuel/air ratio 
of 0.022 (Figure 55). Therefore, a design reference velocity for an actual 
engine, of bettieen 24 and 27 m/s would be an appropriate compromise betwen 
the 30 m/s used iu the original design and the 15 m/s used for most of the 
sector-combustor tests, which were conducted at four- atmospheres pressure. 


6. 3.2.2 NO^ Emissions 

Some measured NO,^ emission indicies from the reverse-flow sector combustor 
for cruise conditions are presented in Figure 57. For the gas sample rakes 
directly in line with the catalytic reactor, very low NO^ emissions were 
measured from the outer three elements. However, for the inner elements some 
of the pilot gases mix with the gases from the reactor and increase the 
levels. For the gas sample rakes located between catalytic reactor positions 
and in line with the pilot swirl cups, the NO^ levels are significantly higher, 
as expected, and the emissions levels are representative of the pilot stage. 

The NO^ emission level for the catalytic reactor is sho«m as a function 
of fuel/air ratio in Figure 58. As in the single-can tests, there was no sig- 
nificant increase in level with reactor fuel/air ratio over the range 
tested. Also, there was no apparent effect of pressure on MO^ during the 
single-can catalytic reactor performance tests (Section 6.2). However, the 
pressure effect test data was not very extensive. Therefore, the MO^ emission 
indicies in Figure 58 were corrected to engine pressure level using a pressure 
ratio exponent of 0.37, which was determined during a previous NASA-sponsored 
program conducted by the General Electric Company (Reference 5). The correc- 
tions were made with the expression: 


vO.37 


NO 


X corrected 


NO 


X test 


■ eng me 
^test i 


(4) 


Figure 59 shows NO^ levels measured in line with the pilot cups for several 
pilot fuel/air ratios. As would be expected, the NOj^ varies significantly 


101 

















Passage Height, percent 


100 


80 


6C 


40 


20 


0 


ORIGINAL PAGE IS 
OF POOR QUALITY 



EINOx, g/kg 


Figure 59. NO^ Emission Index Profile for Pilot 
Stage of Reverse-Flow Combustor. 
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with piLot fuel flow. Pilot MO^ is presented as a function of fuel/air ratio 
for the pilot stage in Figure 60. The data of Figure 60 is also shown adjusted 
to true engine cruise pressure using a pressure ratio exponent of 0.37. The 
combined data from Figures 58 and 60 can be used to predict combustion system 
NO, as a function of fuel split between the pilot and catalytic reactor. The 
results are presented in Figure 61. The program goal of 3 g per kg of 
fuel can be achieved by using a pilot fuel/air ratio of 0.017 and a catalytic 
reactor stage average fuel/air ratio of 0.0265. At a cruise inlet temperature 
of 745 K and assuming a peak-to-average fuel distribution of l.l, these con- 
ditions result in a peak temperature of 1707 R which is essentially at the 
continuous operating temperature limit of 1700 K for the catalytic reactor. 

6. 3. 2. 3 Emissions for EPA Landing - Takeoff Cycle 

The same procedures to correct for pressure effects can be used to deter- 
mine the emissions levels at climb and takeoff conditions to make a comparison 
with the EPA standards for the landing and takeoff cycle. The results are pre- 
sented in Table 13. Because of the low idle emissions of the pilot stage and 
the low emissions of the catalytic reactor main stage, the EPA standard can 
be met with considerably more than the 25Z margin that was chosen as a goal for 
this program. Because of this, the fuel/alr ratios in the pilot and main stage 
would be the same at the high power conditions in order to reduce the combustor 
exit pattern factor. With equal fuel/air ratios in the pilot and main stage, 
the N0j( EPAP level for the landing and takeoff cycle would increase from 16 
(Table 13) to only 16.7. This is still well below the program goal. 

6. 3. 2.4 Smoke and Carbon 

One concern at the outset of this program was the possibility of high 
smoke levels from the pilot stage of the combustor below and at the 60Z power 
condition. Only the pilot is fueled between light off and 60Z power. At 60Z 
power, the overall fuel/air ratio is 0.0192 and the pilot primary zone equiva- 
lence ratio reaches 1.1 before the switch over to a combined operation with 
the catalytic reactor and main stage. At 60Z power, with pilot-only operation, 
the measured smoke number was less than 1.0 as compared to a program goal of 
15. However, combustor smoking tendency is known to be sensitive to operating 
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Figure 61. Eknission Index as a Function of 

Pilot and Catalytic Reactor Fuel/ 
Air Ratio for Reverse Flow 
Combustor at Cruise Conditions. 
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Table 13. Estimated Emissions for EPA Landing/ Takeoff 
Cycle Based on 4 atm Sector Combustbr Tests. 


Operational 

Mode 

— 

Z 

Thrust 

Time 

Minutes 

Emissions Index 

g/kg^^^ 

CO 

1 

HC 

NOx 

Idle 

6 

26 

5.3 

0.6 

4.8 

Approach 

30 

4 

2.6 

0.5 

11.6 

Climb 

85 

2.2 

3.8 

0.3 

2.9 

Takeoff 

100 

0.7 

2.9 

0.4 

6.0 

Measured 






EPAP (g/kN) 



11.5 

1.7 

16.0 

EPAP Goal: 






25Z Below March 24, 1978 

19 

2.5 

25 

NPRM (g/kN) 







(i) Test data above idle power level adjusted for 
pressure. 
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pressure and the sector tests %rere conducted at only 0.41 versus 1.9 MPa 
pressure for the true 602 power condition. Therefore, the smoking tendency 
of the combustion system should be tested at higher pressure in any future 
work. However, the ultra-low values measured at 0.41 MPa are very encourag- 
ing. 

No significant carbon buildup in either the pilot or the main stage of 
the combustor was observed during the program. Figures 62 and 63 show the 
pilot dome and the catalytic reactor discharge end, respectively, after an 
extensive test including a wide range of operation from pilot only operation 
up to high power operation with both the pilot and main stage fueled. The 
catalytic reactors had no carbon deposit, as expected, since all continuous 
operation is at high power and the catalytic elements are swept with hot air 
(up to 717 R) during the time when the main stage is not fueled. The pilot, 
which was based on a previously successful design, was also free of carbon. 

6. 3. 2. 5 Turbine Inlet Temperature Profiles 

Temperature and fuel/ air ratio profiles at the turbine inlet (combustor 
exit) were quite flat for the reverse-flow combustor. Fuel/air profiles for 
the cruise condition are shown in Figure 64. More fuel was burned in the 
reactor than in the pilot in order to minimize NO^ emissions; as a result, 
the fuel/air ratios in line with the reactor are higher than for the pilot. 
However, both profiles are flat. The average profile, in terms of peak-to- 
average fuel/air ratio which is important to the turbine, was 1.2 at cruise 
versus a goal of 1.15. 

At higher power conditions, the pilot fuel/air ratio could be set equal 
to the fuel/air ratio in the reactor, since the NO^ emissions were met with 
margin and the pilot did not have to be operated in a lean condition. Figure 
65 shows profile measurements for climb conditions with the pilot and catalytic 
reactor at comparable fuel/air ratios. The average profile peak-to-metered 
overall average fuel/air ratio was 1.15 which was the goal. 

No dilution hole pattern adjustments were made during this program. It 
is likely that some profile improvement could be realized and th?t improved 
profiles could be achieved at cruise as well as at high power. 
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Figure 65. Combustion Discharge Fuel/Air 
Profile at Climb Power 
Conditions. 
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6. 3. 2. 6 Ignition and Lean Blowout 

Since the emphaait during thii progruia waa on catalytic combustion, only 
limited pilot stage ignition testing waa conducted. Initially, the tests were 
conducted with an igniter installed through the pilot stage inner liner in the 
primary zone. This resulted in the igniter being in an inverted position with 
the tip facing upward. With this arrangement, the igniter tip was subjected 
to continual fuel wetting and puddling which prevented reliable spark ignition. 
Subsequent ignition was accomplished with a torch igniter. Two nozzle fuel 
flow sizes were tested to investigate the effects of fuel spray atomization 
over a range of airflows. As shown in Figure 66, little difference between 
the ignition performance of the two fuel nozzles was noted. As airflow and 
dome velocity increased, the combustor pressure drop increased and mixing and 
fuel atomization in the swirl cup improved. The results indicate that Che 
pilot lignt off and lean blowout performance did not quite achieve Che target 
levels at ground start ignition. No pilot ignition capability development was 
conducted under this program. However, since the pilot is designed specifi- 
cally for low power operation (rich fuel/ air ratios and low velocities) no 
problem woul i be anticipated in achieving the desired ignition capability. 

No formal ignition tests were conducted with the catalytic reactors, how- 
ever, in tests with inlet temperatures between 636 and 814 K, activity in the 
catalytic reactors was observed as soon as fuel was introduced. These obser- 
vat % were made from the thermocouples mounted at Che exit plane of the 
ca . ic reactors. The lowest design point inlet temperature is 717 K which 
is ac Che 60Z engine power condition and we'l above chose where rapid ignition 
was observed. Also, as expected, no catalytic reactor lean blowout problems 
were ever encountered during the program at any of the test conditions. 

6. 3. 2. 7 Combustor Resonance 

During the program, some resonance of the pilot burner was observed at 
idle conditions. Analysis of acoustic signals taken during resonance showed 
Chat the wave length of the signal corresponded to the length of the test rig 
plenum chamber. The frequency ranged from 620 to 750 Hz and was proportional 
to Che square root of Che inlet temperature. The pilot design was based on 
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Figure 66. Reverse Flow Combustor Pilot Ground Start Ignition and 
Lean Blowout Characteristics. 
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the Energy Efficient Engine combustion system. The E^ pilot does not have 
resonance when tested with engine casings. Therefore, it is likely that the 
resonance of the E^ pilot would cease to be a problem with engine casings 
which would have significantly different acoustic characteristics than the 
test rig plenum chamber. No resonance suppression efforts, such as testing 
with contoured combustion casings, was undertaken since no damage was 
attributed to the resonance of the pilot and no resonance was encountered at 
the higher inlet temperatures where the catalytic reactors were in operation. 

6. 3.2.8 Liner Temperature and Hardware Durability 

Liner temperatures presented no significant pro. lem during this program 
although some of the temperatures did exceed Che goal of 1144 K. The warmest 
spot on Che reverse-flow combustor was on Che duct, aft of the catalytic 
reactor, which reached 1214 R at the takeoff conditions as show in Figure 67. 
No distress of Che hardware was observed and no attempt was made to reduce Che 
duct operating temperature. In the proposed engine design (Figure 4), this 
duct would have backside convection cooling which would result in lotier opera- 
ting temperatures. The component test combustor had only film cooling on 
Che hot gas side. The premixing ducts generally operated at or just below the 
inlet temperature. The catalytic reactor housings operated at 65 to 158 K 
above Che inlet temperature. The peak temperature was at Che space between 
Che catalytic reactor elements, possibly due to hot gas leakage. 

Durability of the combustor hardware was generally good. The major dif- 
ficulty was in overCemperaturing and damaging Che catalytic reactors. Ikich of 
Che testing involved operation at very close to Che catalytic reactor tempera- 
ture limit. Several times during Che program, Che temperat’-re limit of Che 
catalyst was exceeded and damage occurred. When one or more of Che reactors 
for Che reverse-flow combustor were damaged, the entire set was replaced to 
assure consistency among the reactors for subsequent testing. Even so, the 
individual reactors appeared to increase from the 60Z efficiency level to a 
very high efficiency level at different times during Che combustor start up. 
This magnified the problem of operating close to Che catalytic reactor tem- 
perature limits. When the efficiency for Che first reactor started Co rise, 
pressure drop for Chat reactor increased, reducing its airflow and further 


116 


ORiOlNAL PAGE IS 

OF F»OOR QUALftY 



Inlet Temperature = 816 K 
Inlet Pressure = 0.41 MPa 


Figure 67. Canbustor Metal Temperatures at Simulated 
Takeoff Conditions at 0.41 MPa Pressure, 


Ilf 



increasing the fuel/air ratio. This increase in fuel/ air ratio resulted in a 
corresponding increase in efficiency. The slight shift in airflow to the 
other reactors tended to retard their rise to high coabustion efficiency. 

In order to provide better control in setting test points and reduce hardware 
daaage, individual fuel control valves were added to the fuel supply to each 
of the reactors. For catalytic reactors with higher operating temperature 
capabilities, the complexity of individual fuel controls «rould not be required. 
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7 . 0 COMCLUDIMG REMARKS 


During this progm, the ultra-low NO^ emissions levels which were expected 
with catalytic combustion were demonstrated with an actual aircraft gas turbine 
combustion system. However, it does not appear likely that catalytic combus- 
tion will be utilized in modern high pressure ratio, high temperature aircraft 
gas turbines in the foreseeable future. Considerable advancement in catalytic 
reactor temperature capability would be required before catalytic combustors 
would become practical. Also, the concern about NO^ emissions from aircraft 
engines has subsided and the proposed EPA regulations for NO^ have not been 
promulgated. Catalytic combustion systems for aircraft turbine engines will, 
however, continue to look attractive because of their potential for improved 
hot section durability through improved combustor exit pattern factor and 
profile. 

The use of a catalytic combustion system in stationary power engines 
would seen to be more practical since cycle pressures and temperatures are 
generally lower and NO^ emissions levels are much more stringent. For the 
overall catalytic combustion system tested during this program, NO^ emission 
indices of 3 g/kg appear possible. This level translates to approximately 
40 ppm reference 15Z oxygen. This represents a reduction of about 85Z from 
typical uncontrolled levels for aircraft derivative engines burning liquid 
fuels. For the main stage catalytic reactor alone, the emissions index was 
less than 0.5 g/kg or approximately 7 ppm reference 15Z oxygen, which would 
be a 98Z reduction from the uncontrolled levels. Furthermore, in stationary 
power systems, small combustor length and size are not of critical importance. 
Relaxation of the reference velocity constraint imposed in the current pro- 
gram would improve the range of operation of the reactor. 

The development of any future catalytic combustion system will require a 
significant portion of development effort to achieve uniform fuel distribution. 
One very successful method to achieve uniform fuel distribution was developed 
on this program and that was to use a flow restriction ahead of the fuel 
injector to match the airflow pattern to the fuel spray pattern and to increase 
turbulence. 
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Several areas that were oot investigated during this program were long 
time durability of the catalysts and catalytic reactor substrates, effects of 
transients on the catalytic reactor life, and transient operational character- 
istics of the overall system. These areas will require evaluation in any 
future development of catalytic combustion systems. 


120 



8.0 SOMMARY OF RESULTS 


A coabustor progr«n was conducted to evolve and to identify the technol- 
ogy needed for, and to establish the credibility of, using combustors vith 
catalytic reactors in modern high-pressure-ratio aircraft turbine engines. 

Two catalytic combustor concepts were designed, fabricated, and evaluated. 
The combustors were sized for use in the NASA/General Electric Energy Efficient 
Engine. One of the combustor designs was a basic parallel-staged double- 
annular combustor. The second design was also a parallel-staged combustor but 
employed reverse flow cannular catalytic reactors. 

Subcomponent tests of fuel injection systems and of catalytic reactors 
for use in the combustion system were also conducted. 

Major conclusions of this program were: 

• Successful operation with high combustion efficiency has been achieved 
with an aircraft gas turbine combustion system using a state-of-the- 
art catalytic reactor as the main stage along with a conventional 
pilot stage for low-power operation. 

• Ultra-low MOjj emissions levels that met the goals of the program were 
achieved . 

• The catalytic reactor maximum operating temperature limit was the 
major constraint on the operation of the two catalytic combustion 
systems evaluated. At the cruise operating condition, in order to 
meet the ultra-low emissions goal, it was necessary to operate 
the catalytic reactor at the continuous operating temperature limit 
even when a very uniform fuel distribution was achieved. Consider- 
able advancement in the operating temperature capability of cata- 
lytic reactor materials will be required for successful application 
of catalytic combustors to very high-pressure-ratio, high tempera- 
ture engines of the type considered in this study. 

s A considerable effort will be required to develop reliable short- 
length, fuel/air preparation systems to provide uniform fuel/air 
distribution into the catalytic reactors. 

e One very promising method for achieving a uniform fuel distribution 
in the premixing process is to use a pressure drop device (perfo- 
rated plate) in series with the premixing duct to provide a means to 
adjust the inlet air profile. 
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• A maximum design reference velocity of 24 to 27 m/s for the cata- 
lytic reactor has been determined for high performance levels at the 
actual engine pressure conditions studied on this program. 
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APPENDIX A - NOMENCLATURE 


EICO 

EIHC 

EINOjj 

f 

fp 

fR 

fs 

PTF 

R 

SN 

^ialet' ^3 

^Pmax 

Tr 

Tri 

Tr2 

Tr3 

Tr4 

TRmax 

T4 

V 

Wa 

Wf 

WfP 

WfR 

APfp 

^PfR 

Ap/p 

ns 

a 

T 


CO Emission Index, g/kg 

HC Emission Index, g/kg 

NOx Emission Index, g/kg 

Total fuel/air ratio 

Pilot fuel/air ratio 

Reactor fuel/air ratio 

Fuel/air ratio sample (from gas analysis) 

Combustor inlet pressure, kPa 

Pattern factor 

Radius, , cm 

Smoke number 

Combustor inlet temperature, K 

Maximum pilot liner temperature, K 

Average reactor exit temperature, K 

Reactor exit temperature No. 1, K 

Reactor exit temperature No. 2, K 

Reactor exit temperature No. 3, K 

Reactor exit temperature No. 4, K 

Maximum reactor shell temperature, K 

Average combustor exit temperature, R 

Velocity, m/s 

Combustor Airflow, kg/ s 

Total combustor fuel flow, g/s 

Pilot fuel flow, g/s 

Reactor fuel flow, g/s 

Pilot fuel injection pressure drop, kPa 

Reactor fuel injection pressure drop, kPa 

Total pressure loss, X 

Combustion efficiency (from gas analysis), X 

Standard deviation 

Premixing duct residence time, ms 


i’RECEDING PAt}E BLANK NOT FDLMEU 
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APPENDIX B - CATALYTIC COMBUSTOR SECTOR TEST DATA 


The two catalytic combustors, the parallel->staged and the reverse flow, 
were tested in a one*sixth sector (60*) portion of the full scale combustors. 

A total of eight separate tests were run, two with the parallel staged com' 
bustor and six with the reverse flow combustor. A summary of the combustor 
test data is given in the following tables, along with a brief description of 
the configuration tested and the results of the test. The reverse flow com- 
bustor results are first presented, followed by results of the two tests of 
the parallel-staged combustor. 

Table B-1 summarizes the results of the first test of the reverse flow 
combustor (baseline test). Some plugging of the inlet to the reactors 
occurred during this test and some reactor damage was sustained. 

Table B-2 summarizes the results of the second test of the reverse flow 
combustor (Modification Number 1). A perforated plate was added to reduce the 
reference velocity and valves were added to control flow to the individual 
reactor fuel nozzles. Good results (high combustion efficiency with low NO^^) 
were obtained. No significant reactor damage occurred. 

Table B-3 summarizes the results of the third test of the reverse flow 
combustor (Modification Number 2). The combustor configuration was essentially 
the same as for the previous test but thermocouples were added at the reactor 
exit to obtain the exit temperature distribution. In an attempt to run the 
system at lower pressures, some large temperature excursions occurred and 
significant reactor damage was sustained. 

Table B-4 summarizes the results of the fourth test of the reverse flow 
combustor. The major combustor change was the use of the short premixing duct 
ahead of the reactors. As on the previous test, exit temperature distribution 
was measured. As expected, profiles were not as uniform with the short duct 
as with the long duct previously used. 

Table B-5 summarizies the results of the fifth test of the reverse flow 
combustor. A redesigned perforated plate was used which resulted in more uni- 
form temperature distribution. In addition, a spectrum analyzer (Schlumberger 
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Table B-1. Clean Catalytic Combustor - Sector Test Data Summary 


Coaribuator Configuration: keverae Flow Baaeiine 

Run: 8 Date: Hove»ber 17-19, 1981 


Reading Nuaber 

2 

3 

4 

5 

6 

7 

8 

Noainal Power Setting, Z 

Idle 

30 

30 

60 

60 

60 

60 

Coabuator Inlet Data 








Fuel Split, Pilot/Total 

l.O 

1.0 

1.0 

0.456 

0.544 

1.0 

0 

T 3 - Inlet Teaperature, K 

492 

616 

619 

718 

715 

710 

712 

P 3 - Inlet Preaaure, kPa 

414 

415 

V ; 

414 

412 

418 

403 

UA - Airflow, kg/s 

1.606 

1.402 

' vU 2 

1.297 

1.329 

1.306 

1.320 

Uf - Fuel Flow, g/s 

15.31 

14.87 

.0.79 

28.10 

34.27 

21.34 

14.93 

Wfp - Pilot Fuel Flow, g/s 

15.31 

14.87 

20.79 

12.12 

18.65 

21.34 

0 

Hfg - Reactor Fuel Flow, g/s 

0 

0 

0 

15.98 

15.62 

0 

14.93 

f - Total Fuel/Air Ratio 

0.0095 

0.0106 

0.0148 

0.0217 

0.0258 

0.3163 

0.0113 

fp - Pilot Fuel/Air Ratio* 

0.0220 

0.0244 

0.0342 

0.0215 

0.0323 

0.0376 

0 

fg - Reactor Fuel/Air Ratio* 

0 

0 

0 

0.0226 

0.0216 

0 

0.0208 

APfp - Pilot Fuel Injector Preeeure Drop, kPe 

614 

593 

1172 

545 

931 

1234 

0 

APfg - Reactor Fuel Injector Pressure Drop, fcPa 

0 

0 

0 

1855 

1855 

0 

1834 

Coabuation Exit Data 








AP/P - Total Preaaure Loaa, Z 

4.83 

5.57 

4.7 9 

6.99 

6.86 

4.95 

6.84 

Tpi - Keector Exit TeMpereture No. K 




1213 

1475 


— 

Tg2 ~ Reactor Exit Teaperature Ho. 2, K 




12C2 

1291 


1695 

T |(3 Keector Exit Teapereture No. 3» K 




1513 





TgA - Reactor Exit Teaq>erature Ho. 4, E 






— 



Tg - Average Reactor Exit Teaperature, K 








T 4 - Average Coabuator Exit Teaperature, K 

693 

784 

866 

1309 

1211 

906 

1103 

PTF - t'attem Factor 

2.31 

2.92 

2.63 

0.38 

0.84 

3.11 

1.18 

Gas Analysis Data 








EICu - CO Eaission Index, g/kg 

28.5 

5.2 

8.9 

79.6 

108.2 

7.8 

20.9 

EIHC - HC Eaission Index, g/kg 

8.3 

3.5 

1.9 

165.8 

236.7 

3.0 

369.9 

BIHO, - HOn Eaission Index, g/kg 

3.7 

7.1 

10.3 

0.7 

2.9 

6.1 

0.2 

fg - Fuel/Air Ratio (Froa Gas Saple) 

0.0056 

0.0061 

0.0099 

0.0243 

0.0212 

0.0110 

0.0135 

fig ~ Coabuetor Efficiency (Fruei Gee Seaple), Z 

98.6 

99.6 

99.6 

83.7 

76.9 

99.6 

67.6 

SH - Saoke Huaber 



0 





Metal Teaperatures 








^P,Hax ~ Naxiaua Pilot Liner Teaperature, K 

783 

974 

1060 

996 

1096 

1193 

798 

Tr.Hsx ~ Naxiaua Reactor Shell Teaperature, H 

503 

631 

644 

1015 

1142 

710 

713 

*Based on Pilot Airflow * 0.434 * HA 








Reactor Airflow “ 0.34S * HA 
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Table B-2. Clean Catalytic Combustor - Sector Test Data Sunmary. 


Coabuitor Coat igurat ion; Beverae Flow Modification 1/7 
Run: 12 Date: January 27, 1982 


Reading Nuaber 

2 

3 

A 

5 

7 

8 

9 

Nominal Power Setting, Z 

Idle 

30 

60 

60 


60 

60 

Combustor Inlet Data 


■1 






Fuel Split, Pilot/Totcl 

1.0 


1.0 

0.738 

l.U 

0.668 

0.557 

T3 - Inlet Temperature, K 

ASS 



719 

721 

716 

720 

Py - Inlet Pressure, kPa 

A03 


ISM 

A16 

AlA 

A19 

A17 

HA - Airflow, kg/s 

1.13 

1.01 


0.93 

0.93 

0.93 

0.93 

Hf - Fuel Flow, g/s 

18.0 

18.9 


18. A 

2A.3 

18.6 

16.8 

Ufp - Pilot Fuel Flow, g/s 

18.0 

18.9 


13.6 

2A.3 

12.A 

9.A 

Ufg - Reactor Fuel Flow, g/a 

0 

0 

0 

A. 8 

0 

6.2 

7. A 

f - Total Fuel/Air Ratio 

0.01S9 

6.0188 

0.0263 

0 0199 

0.0260 

0.0199 

0.0180 

fp - *tloC Fuei/Air Ratio* 

0.0277 

0.0328 

0.0A60 

0.0257 

0.0A5A 

0.0233 

0.0175 

fg - Reactor Fuel/Air Ratio* 

0 

0 

0 

0.0131 

0 

0.0166 

0.0201 

aPfp - Pilot Fuel Injector Pressure Drop, kPa 

0.8A8 

938 

1.503 

0.A07 

— 

O.AAl 

0.255 

RPfg - Reactor Fuel Injector Pressure Drop, kPa 

0 

0 

0 

2.785 

0 

A. 612 

6578 

Combustion Exit Data 








AP/P - Total Pressure Loss, Z 

A. 3 

A. 6 

A. 7 


6.5 

5.8 

5.5 

Tgy - Reactor Exit Temperature Ho. 1, E 






1021 

1133 

TrZ ~ Reactor Exit Temperature Ho. 2, K 






130A 

1673 

Tgy - Reactor Exit Temperature No. 3, K 






1063 

1166 

~ Reactor Exit Tesiperature Ho. A, K 




1066 


1218 

1A21 

Tg - Average Reactor Exit Temperature, K 




1078 


1151 

1298 

T^ - Average CoadHistor Exit Temperature, K 

8AA 

1026 

1266 

1079 

1209 

1180 

1090 

PTF - Pattern Factor 

0.89 

0.6A 

0.51 

0.67 

0.87 


0.39 

Css Analysis Data 








EICO - CO Emission Index, g/kg 

A 

A 

9 

5A 

10 

89 

92 

EIHC - HC Emission Index, g/kg 

2 

1 

0 

78 

1 

81 

69 

EINO^ - NO, Emission Index, g/kg 

A. A 

8.9 

13.9 

5.9 

12.9 

A. 2 

3.2 

f( - Fuel/Air Ratio (Frcm Css Sample) 

0.01A6 

0.0166 

0.02A5 

0.0179 

0.0273 

0.0190 

0.0201 

~ Combustor Efficiency (From Gas Saan>le), Z 

99.7 

99.8 

99.8 

92.0 

99.7 

90.9 

91.9 

SH - Sax>ke Humber 



0 





Hetal Temperatures 








Tp - Haximum Pilot Liner Temperature, E 

77A 

976 

1157 

lOll 

1152 

1003 

9A9 

^R,Hax ~ Haximum Reactor Shell Temperature, K 

3A3 

696 

813 

95A 

BIA 

1020 

1091 

*Based on Pilot Airflow * 0.A34 * HA 








Reactor Airflov ■ 0.345 * WA 
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Table B-2. Clean Catalytic Combustor - Sector Test Data Summary. (Continued) 

Codbuator Configuration: tevaraa Flow Hodification 1/7 

*un: 12 Date: January 27, 1982 


Reading Number 

10 

11 

12 

13 

14 

15 

Moatnal Power Setting, Z 

Gruiae 

Cruiae 

Climb 

Cliab 

T/O 

T/O 

Codbuator Inlet Data 







Fuel Split, Pilot/Total 

0.736 

0.651 

0.747 

0.652 

0.770 

0.676 

T 3 - Inlet Temperature, K 

744 

744 

780 

781 

816 

S15 

Fj - Inlet Freaaure, kPa 

415 

417 

419 

415 

413 

418 

WA - Airflow, kg/a 

0.07 

0.87 

0.85 

0.85 

0.83 

0.83 

Wf - Fuel Flow, g/a 

22.2 

21.5 

22.5 

21.1 

24.2 

22.5 

Wfp - Pilot Fuel Flow, g/a 

16.3 

14.0 

16.8 

13.8 

18.6 

15.2 

Wfg - Reactor Fuel Flow, g/a 

5.9 

7.5 

5.7 

7.3 

5.6 

7.3 

f - Total Fuel/Air Ratio 

0.0255 

0.0247 

0.0265 

0.0249 

0.0292 

0.0270 

fp - Pilot Fuel/Air Ratio'* 

0.0327 

0.0280 

0.0345 

0.0283 

0.0392 

0.0319 

fg - Reactor Fuel/Air Ratio* 

0.0169 

0.0216 

0.0168 

0.0217 

0.0169 

0.0220 

APfp - Pilot Fuel Injector Freaaure Drop, kPa 

0.752 

0.545 

0.786 

0.490 

0.958 

0.662 

APfg - Reactor Fuel Injector Freaaure Drop, kPa 

4.413 

6.578* 

4.302 

6.578* 

4.509 

6.578* 

Combuation Exit Data 







AP/P - Total Freaaure Loaa, Z 

4.5 

5.0 

5.1 

4.7 

4.8 

5.6 

Tgi - Reactor Exit Temperature No. 1, E 

1055 

1219 

1061 

1230 

1050 

1230 

Tgj - Reactor Exit Temperature No. 2, K 

1332 

1565 

1329 

1579 

1285 

1596 

Tgj - Reactor Exit Temperature No. 3, K 

1082 

1259 


1224 

1048 

1155 

Tgg ■" Reactor Exit Temperature No. 4, K 

1270 

1515 

1264 

1541 

1229 

1560 

Tg - Average Reactor Exit Temperature, K 

1185 

1390 

1187 

1394 

1153 

1385 

T 4 - Average Combuator Exit Temperature, K 

1194 

1190 

1214 

1274 

1241 

1383 

PTF - Pattern Factor 

0.62 

0.55 

0.75 

0.40 

0.45 

0.38 

Caa Analyaia Data 







EIOO - 00 Cdiaaion Index, g/kg 

92 

108 

96 

61 

85 

19 

EINC - HC Cmiaaion Index, g/kg 

54 

39 

59 

52 

>2 

71 

EIHOji - HO, Emiaaion Index, g/kg 

9.5 

6.5 

12.0 

7.0 

14.7 

10.7 

- FUel/Air Ratio (From Caa Saa^tle) 

0.0247 

0.0246 

0.0262 

0.0242 

0.0271 

0.0262 

q, - Combuator Efficiency (From Caa SMple), Z 

93.2 

94.1 

92.7 

94.0 

90.1 

93.4 

SN - Smoke Number 







Hetal lemperaturea 







Tp BIX ~ Maximua Pilot Liner Temperature, K 

1092 

1060 

1150 

1104 

1214 

1179 

Tg^aex ~ Maximum Reactor 'ihell Temperature, K 

1055 

1153 

1050 

1175 

1051 

1214 


*Baaed on Pilot Airflow “ 0.43* * WA 


Reactor Airflow » 0.54j * WA 
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Table B-2. Clean Catalytic Combustor - Sector Test Data Summary. (Concluded) 


Coabuator Configuration; Baverae flow >t '> ’ if ication 1/23 
Kun; 13 Date: January ' 19B2 


Beading Nuaiber 

2 

3 

4 

5 

6 

7 

» 1 

Hoainal Power Setting, X 

60 

60 

Cruiae 

Cruiae 

Cl iab 

Cl iab 

mam 

Coabustor Inle' Data 






■■ 


Fuel Split, Pilot/Total 

O.SAO 

0.406 

0.647 

0.549 

0.655 


0.684 

T 3 - Inlet Teaiperature, K 

713 

714 

747 

749 

784 


814 

P 3 - Inlet Preaaure, kPa 

A 12 

416 

415 

409 

408 


413 

WA - Airflow, kg/a 

0.93 

0.93 

0.86 

0.87 

0.83 

0.84 

0.83 

W{ - Fuel Flow, g/a 

16.8 

16.2 

20.8 

19.2 

20.8 

18.8 

23.5 

Wfp - Pilot Fuel Plow, g/a 

9.1 

6.6 

13.4 

10.6 

13.6 

10.6 

16.1 

Wfg - Reactor Fuel Flow, g/a 

7.7 

9.6 

7.3 

8.7 

7 2 

8.2 

7.4 

f - Total Fuel/Air Ratio 

0.0181 

0.0174 

0.0240 


0.0249 

0.0224 

0.0283 

fp - Pilot Fuel/Air Ratio* 

0.0171 

0.0123 

0.0272 


0.0285 

0.0221 

0.0338 

fg - Reactor Fuel/Air Ratio* 

0.0210 

0.0259 

0.0213 


0.0216 

0.0244 

0.0225 

APfp - Pilot Fuel Injector Preaaure Drop, kPa 

0.241 

0.131 

0.524 


0.538 

0.338 

0.724 

APfg - Reactor Fuel Injector Preaaure Drop, kPa 

1.627 

2.413 

1.455 

1.999 

1.427 

1.820 

1.544 

CoabuaClon Exit Data 








AP/P - Total Preaaure Loaa, X 

6.7 

4.5 

5.3 

6.2 

4.4 

3.5 

4.5 

Xri ~ Reactor Exit Teaperature Ho. 1, K 

1416 

1653 

1437 

1644 

1436 

1660 

1520 

'^R2 ~ Reactor Exit Teaperature Ho. 2, K 

1389 

1666 

1425 

1669 

1460 

1665 

1513 

Tr 3 - Reactor Exit Teaperature Ho. 3, K 

1407 

1684 

1425 

1663 

1440 

1646 

1499 

Tg 4 - Reactor Exit Teaperature Ho. A, K 

1368 

1660 

1421 

1661 

1449 

1668 

1540 

Tg - Average Reactor Exit Teaperature, K 

1395 

1666 

1427 

1659 

1446 

1660 

1518 

T^ - Average Coabuator Exit Teaperature, K 

1086 

1091 

1129 

1173 

1224 

1196 

1294 

PTF - Pattern Factor 

0.38 

0.60 

0.83 

0.58 

0.56 

0.60 

0.65 

Gaa Analyaia Data 








EICO - CO Eaiaaion Index, g/kg 

165 

17 

39 

3 

25 

3 

12 

EIHC - HC Eaiaaion Index, g/kg 

11 

2 

4 

0 

3 

1 

2 

EIHOk - HOn Eaiaaion Index, g/kg 

3.1 

l.l 

8.4 

4.9 

10.1 

7.0 

13.8 

fg - Fuel/Air Ratio (Froa Caa Saaple) 

0.0192 

0.0195 

0.0245 

0.0244 

0.0261 

0.0244 

0.0293 

Hg - Coabuator Efficiency (Froa Gaa Saaple), X 
SH - Saoke Muaber 

95.2 

99.5 

98.7 

99.9 

99.2 

99.9 

99.6 

Hetal Teaperaturea 








Tp,yiax ~ Haxiaua Pilot Liner Teaperature, K 

773 

744 

888 

851 

912 

876 

942 

Tg,(fax ~ Haxiaua Reactor Shell Teaperature, K 

1028 

1184 

1121 

1219 

1155 

1225 

1208 


*Baaed on Pilot Airflow “ 0.A34 * UA 
Reactor Airflow " 0.SA5 * WA 


ORiGlNAL PAG£ IS 
OF POOR QUALITY 
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Table B-3. Clean Catalytic Combustor - Sector Test Data Summary. 

Coabuitor Configuration: Heverae Flow Modification 2 

Run: 14 Date: February 12. 22, 24, 19B2 


*1 

1 | 
po r- 

O 7 

C S’ 

4 55 


Reading Nuaiber 

2 

3 


7 

8 

9 

10 

11 

12 

Noainal Power Setting, X 

Idle 

30 

60 

60 

60 

60 

Cruiac 

Cruite 

Cruiac 

Coiabuator Inlet Data 










Fuel Split, Pilot/Total 

1.0 

1.0 

1.0 

0.583 

0.542 

0.528 

0.535 

0.523 

0.409 

T 3 - Inlet Teaperature, K. 

494 

636 

719 

717 

718 

715 

744 

743 

745 

P 3 - Inlet Preaaure, kPa 

401 

416 

412 

412 

410 

414 

413 

416 

416 

WA - Airflow, kg/a 

1.19 

0.98 

0.91 

0.86 

0.86 

U .86 

0.84 

0.84 

0.84 

W| - Fuel Flow, g/a 

17.2 

13.8 

24.0 

15.4 

15.9 

16.5 

15.2 

15.6 

12.7 

Wfp - Pilot Fuel Flow, g/a 

17.2 

13.8 

24.0 

8.8 

8.6 

8.7 

8.1 

8.2 

5.2 

Wfg - Reactor Fuel Flow, g/a 

0 

0 

0 

6.6 

7.3 

7.8 

7.1 

7.4 

7.5 

f - Total Fuel/Air Ratio 

0.0144 

0.0140 

0.0264 

0.0179 

0.0185 

0.0192 

0.0180 

0.0186 

0.0150 

fp - Pilot Fuel/Air Ratio* 

0.02SS 

0.0247 

0.0466 

0.C18I 

0.0176 

0.0179 

0.0170 

0.0171 

0.0108 

fg - Reactor Fuel/Air Ratio* 

0 

0 

0 

0.0191 

0.0212 

0.0227 

0.0210 

0.0222 

0.0223 

APfp - Pilot Fuel Injector Preaaure Drop, kPa 

114 

75 

213 

32 

23 

30 

27 

29 

10 

^^fR * Reactor Fuel Injector Preaaure Drop, kPa 

0 

0 

0 

160 

194 

217 

182 

202 

202 

Coabuation Exit Data 










AP/P - Total Preaaure Loaa, X 

4.7 

4.2 

5.4 

4.5 

3.5 

4.3 

3.3 

3.8 

3.8 

Tri ~ Reactor Exit Temperature No. 1, K 




1410 

1580 

1596 

1587 

1577 

1600 

Tg 2 - Reactor Exit Temperature No. 2, K 




1424 

1594 

1695 

1581 

1690 

1685 

'^R3 ~ Neactor Exit Temperature No. 3, K 




1423 

1587 

1694 

1575 

1681 

1688 

Tgi^ - Reactor Exit Temperature No. 4, K 




1411 

1585 

1589 

1581 

1570 

1606 

Tg - Average Reactor Exit Temperature, K 




1417 

1587 

1644 

1581 

1630 

1645 

T 4 - Average Combuator Exit Temperature, K 










PTF - Pattern Factor 










Gaa Analyaia Data 










EICO - CO Emiaaion Index, g/kg 

5 

3 

13 

32 

10 

3 

13 

3 

7 

EIHC - HC Emiaaion Index, g/kg 

1 

1 

0 

2 

1 

0 

1 

0 

0 

ElNOy - NO, Emiaaion Index, g/kg 

4.S 

7.8 

14.3 

5.6 

4.6 

4.2 

4.4 

4.1 

1.2 

fi - Fuel/Air Ratio (From Gat Sample) 

0.013S 

0.0137 

0.0252 

0.0212 

0.0220 

0.0243 

0.0213 

0.0231 

0.0188 

n, - Combuator Efficiency (From Gaa Sample) 

99.8 

99.9 

99.7 

99.1 

99,7 

99.9 

99.6 

99.9 

99.8 

SN - Smoke Number 










Metal Temperaturea 










Tp - Maximum Pilot Liner Temperature, K 

761 

941 

1083 

955 

956 

956 

970 

970 

915 

Tg,gax ~ Maximum Reactor Shell Temperature, K 

494 

639 

720 

958 

1023 

1073 

1026 

1084 

1071 


*>aaed on Pilot Airflow “ 0.^66 * WA 
Reactor Airflow - 0.399 * WA 



Table B-3. Clean Catalytic Combustor - Sector Test Data Summary. (Concluded) 


Conbuator Configuration: Ravaraa Plow Hodification 2 

Run: 14 Data: Pabruary t2, 22, 24, ’.982 


Raading Nuaibar 

13 

14 

15 

16 

17 

18 

19 

20 

Noainal Fowar Satting, X 

Cruiae 

85 

85 

100 

100 

Cruiaa 

Cruiaa 

Cruiae 

Coaibuator Inlat Data 


■1 



■i 


■1 


Puel Split, Pilot/Total 

0.378 

mm 

0.497 

0.532 


0.497 


0.493 

T 3 - Inlat Taaparatura, K 

743 

mSM 

781 



748 


747 

P 3 - Inlat Praaaure, kPa 

416 


414 

412 

413 

307 


410 

WA - Airflow, kg/a 

0.84 


0.86 

0.82 

0.82 

0.64 

l.Ol 

1.12 

W{ - Fual Plow, g/a 

17.8 

15.2 

15.7 

15.4 

15.3 

12.3 

18.8 

21.7 

Wfp - Pilot Pual Flow, g/a 
Wfg - Raactor Fual Plow, g/a 

10.3 

8.2 

7.8 

8.2 

7.9 

6.1 

9.4 

10.7 

7.5 

7.0 

7.9 

7.2 

7.4 

6.2 

9.4 

11.0 

f - Total Pual/Air Ratio 

0.0212 

0.0182 

0.0185 

0.0I8B 

0.0187 

0.0193 

0.0187 

0.0193 

fp - Pilot Pual/Air Ratio* 

0.0217 

0.0172 

0.0162 

0.0177 

0.0170 

0.0169 

0.0166 

0.016P 

fg - Raactor Pual/Air Ratio* 

0.0224 

0.0210 

0.0232 

0.0221 

0.0227 

0.0242 

0.0234 

0.0245 

APfp - Pilot Fual Injactor Praaaura Drop, kPa 

44 

27 

29 

30 

30 

15 

37 

45 

APfg - Raactor Fual Injector Praaaure Drop, kPa 

209 

184 

211 

196 

206 

140 

313 


Coabuation Bait Data 









4P/P - Total Praaaure Loaa, X 

5.1 

3.5 

6.0 

5.0 

4.0 

5.2 

6.4 

8.2 

Tg) - Raactor Exit Taaparatura No. 1, K 

1601 

1583 

1647 

1320 

1659 

1685 

1648 

1285 

Tr 2 - Raactor Exit Taaparatura No 2, K 

1685 

1580 

1689 

1476 

1685 

1693 

1614 

1659 

Tg 3 - Raactor Exit Taaparatura No. 3, K 

•687 

1572 

1669 

1589 

1666 

1698 

1658 

1695 

TgA ■ Raactor Exit Taaparatura No. 4, K 

1605 

1581 

1718 

1585 

1643 

1712 

1427 

1443 

TR - Average Raactor Exit Taaparatura, K 

1645 

1579 

1681 

1493 

1663 

1697 

1587 

1521 

T 4 - Avaraga Coabuator Exit Taaparatura, K 
PTF - Pattarn Factor 

Gaa Analyaia Data 









BICO - CO Eaiaaion Indax, g/kg 

2 

7 

4 

4 

3 

2 

12 

9 

EIHC - HC Eaiaaion Indax, g/kg 

0 

0 

0 

1 

0 

2 

1 

1 

RlNOn - N0( Eaiaaion Indax, g/kg 

6.4 

4.9 

4.2 

5.4 

4.2 

2.2 

3.1 

2.5 

fg - Pual/Air Ratio (Proa Gai Saaple) 

0.0257 

0.0210 

0.0220 

0.0219 

0.0207 

0.0225 

0.0217 

0.0227 

ng - Coabuator Efficiency (Proa Gaa Saaple) 

99.9 

99.8 

99.9 

99.9 

99.9 

99.8 

97.0 

99.7 

SN - SaK>ka Nuaber 
Natal Taaparatura* 









Tp,Hax ~ Naxiaua Pilot Liner Taaparatura, K 

1007 

1009 

985 

1026 

1029 

961 

970 

980 

TR,Hax ~ Naxiaua Reactor Shalt Taaparatura, K 

1084 

1065 

1029 

1067 

1076 

1048 

1019 

1051 

*Baaed on Pilot Airflow ■ C.S 66 * UA 









Reactor Airflow • 0.399 * WA 










O 

XI 
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Table B-A. Clean Catalytic Combustor - Sector Test Data Summary. 


CrabuiCor Configuration; Kavaraa Flow Modification 3, Short tn lat 
Run: IS Dace; H atch 1S-I6, 1982 


Reading Nusbar 

Noaiinal Power Setting, X 


2 

3 

4 

5 

6 

7 

8 

Idle 

Idle 

30 

4 o 

60 

60 

60 

l.O 

l.O 

l.O 

l.O 

0.585 

0.550 

0.550 

496 

496 

636 

716 

729 

714 

721 

400 

400 

414 

412 

412 

411 

412 

1.10 

I.IO 

0.95 

0.87 

0.86 

0.85 

0.S5 

37.7 

41.1 

37.1 

38.9 

30.4 

30.7 

31.4 

37.7 

41.3 

37.1 

38.9 

17.8 

16.9 

17.3 

0 

0 

0 

0 

12.6 

13.3 

14.1 

0.071 

0.0188 

0.0196 

0.0225 

0.0177 

O.OIBI 

0.0183 

0.0301 

0.0329 

0.0344 

0.0395 

0.0182 

0.0175 

O.OIBI 

0 

0 

0 

0 

0.0186 

0.0206 

0.0213 

0.96 S 

1.144 

0.958 

1.055 

0.234 

0.207 

0.200 

0 

0 

0 

0 

1.069 



4.31 

4.66 

4.33 

3.69 

3.35 

3.36 

4.01 





1693 

1639 

1685 





1655 

1616 

1702 





1624 

1589 

1624 





1637 

1615 

1670 

14 

13 

4 

5 

36 

43 . 

44 

32 

9 

5 

4 

14 

40 

20 

4.3 

4.3 

8.1 

12.6 

3.3 

2.7 

2.8 

0.0179 

0.0194 

0.0197 

0.0218 

0.0199 

0.0193 

0.0203 

96.9 

98.9 

99.5 

99.6 

97.9 

95.6 

97.3 

726 

624 

940 

1045 

939 

924 

932 

548 

554 

710 

799 

980 

928 

950 


Coabuetor Inlet Data 

Fuel Split, PiloC/ToCal 
Tj - Inlet Teaiperature, K 
P 3 - Inlet Preeaure, kPa 
Wx - Airflow, kg/a 
Wf • Puel Plow, g/a 
Hfp - Pilot Pual Plow, g/a 
Hfg - Reactor Puel Flow, g/a 
f - Total Puel/Air Ratio 
fp - Pilot Fuel/Air Ratio* 
fg - Reactor Puel/Air Ratio* 

APfp - Pilot Fuel Injector Preaeure Drop, kPa 
*^fR ■ Reactor Fuel Injector Preeaure Drop, kPa 

Coebuation Exit Data 


AP/P - Total Preaeure Loaa, Z 
Tgi - Reactor Bxit Teaparature No. 1, K 

Tr 2 ” Reactor Exit Teaparature No. 2, K 

Tg 3 - Reactor Exit Teaparature No, 3, K 

Tr 4 ~ Reactor Exit Teaparature No. 4, K 

Tr - Average Reactor Exit Teaparature, K 
T 4 - Average CoabuaCor Exit Teaparature, K 
PTP - Pattern Factor 

Cae Analyaia Data 

EICO - CO Eaiaaion Index, g/kg 
EIHC - HC Eaiaaion Index, g/kg 
EINO^ - NO, Eaiaaion Index, g/kg 
f, - Fuel/Air Ratio (Proa Gaa Saaple) 

•>i “ Coabuator Efficiency (Proa Gaa Saaple) 
SN - Samke Nuaber 

Metal Teaperaturea 


^P,Max ■ Haxiaua Pilot Liner TeaperaCure, K 
TR,Max ~ Naxiaua Reactor Shell Teaparature, K 


*Baaed on Pilot Airflow - 0.S69 

Reactor Airflow ■ 0.396 Wg 


original PaG£ is 

OF POOR QUALITY 
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Table B-4 . Clean Catalytic Combustor - Sector Test Data Summary. (Concluded) 


Coabuttor Configuration: Kavarae Flow Hodi f icat ion 3, Short Inlat 

Run: 15 Data: March 15-16, 1982 


Reading Nuadier 

9 

m 

11 

12 

13 

14 


Noainal Power Setting, Z 

Cruiaa 


Cruiaa 

Cruiaa 

Cl tab 



Coid>uator Inlet Data 







■■■ 

Fuel Split, Pllot/Total 

0.556 

U.519 

0.407 

0.581 

0.527 

0.531 


T 3 - Inlet Teaiperature, K 

744 

749 

743 

746 

783 

813 

KTsH 

P 3 - Inlet Praaaure, kPa 


410 

410 

414 

413 

414 


- Airflow, kg/a 


0.81 

0.80 

0.80 

0.81 

0.80 


Wf - Fuel Flow, g/a 


31.1 

25.1 

35.3 

30.5 

29.5 


Wfp - Pilot Fuel Flow, g/a 

16.4 

16.2 

10.2 

20.5 

16.1 

15.7 


WfR ■ Reactor Fuel Flow, g/a 

13.1 

14.9 

14.9 

14.8 

14.4 

13.8 


f - Total Fuel/Air Ratio 

0.0179 

0.0192 

0.0157 

0.0220 

0.0190 

0.0185 

0.0181 

fp - Pilot Pual/Air Ratio* 

0.0176 

0.0175 

0.0112 

0.0225 

0.0175 

0.0173 

0.0171 

fg - Reactor Pual/Air Ratio* 

0.0201 

0.0232 

0.0234 

0.0233 

0.0226 

0.0219 

0.0211 

APfP - Pilo." Fuel Injector Praaaure Drop, kPa 

0.200 

0.200 

0.069 

0.290 

0.186 

0.186 

0.193 

APfg - Reactor Injector Praaaure Drop, kPa 


*— • 



•*** 

“““ 

“““ 

Coadiuation Cxit Data 








6 P/P - Total Praaaura Loaa, X 

3.51 

1.68 

3.20 

3.99 

4.34 

3.66 

4.36 

Tgi - Reactor Bait Teaiperature No. 1, K 


— 

— 

— 

— 

— 


Tg 2 ~ Reactor Bait Teaperature No. 2, K 


1709 

1724 

1594 

1650 

1664 

■ ; 

Tr 3 ■ Reactor Bait Teaiperature No. 3, K 


1688 

1684 

1681 

1679 

1674 

■ 

Tg 4 - Reactor Bait Teaperature No. 4, K 


1706 

1698 

1650 

1689 

1692 


Tg - Average Reactor Bait Teaperature, K 


1701 

1702 

1642 

1673 

1677 


T 4 - Average Coabuator Exit Teaperature, K 








PTF - Pattern Factor 








Caa Analyaia Data 








EICO - CO Eaiaaion Index, g/kg 

47 

28 

19 

25 

27 

28 

36 

EIHC - HC Eaiaaion Index, g/kg 

28 

11 

9 

9 

11 

5 

11 

BIND, - NO| Eaiaaion index, g/kg 

2.8 

2.8 

2.0 

4.4 

3.3 

3.4 

3.3 

f, - Fuel/Air Ratio (Froa Caa Saaple) 

0.0187 

0.0198 

0.0170 

0.0225 

0.0197 

0.0191 

0.0180 

na ~ Coabuator Efficiency (Froa Caa Saaple) 

96.4 

98.4 

98.4 

98.6 

98.4 

98.9 

98.2 

SN - Saoke Nuaber 








Metal Teaperaturea 








'^■Max ~ Haxiaua Pilot Liner Teaperature, K 


951 

883 

982 

986 

1013 

1013 

TP,|i|,^ - Haxiaua Reactor Shell Teaperature, K 

il 

1101 

1083 

1094 

1104 

1107 

1088 


*Basad on Pilot Airflow ■ 0.569 WA 

Reactor Airflow ■ 0.396 WA 




m .) 



OF POCi 
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Table B-5. Clean Catalytic Combustor - Sector Test Data Summary 


Coabuator Configuration: R avaraa Flou - Modification 4 

Run; 16 Date: June H, 1962 


Reading Nuabar 

2 

3 

4 

5 

6 

Noainal Power Setting, t 

Idle 

30 

60 

60 

60 

Coabuator Inlet Data 






Fuel Split, Pilot/Total 

1.00 

1.00 

l.OO 

0.545 

0.536 

T 3 - Inlet Teaperature, K 

492 

639 

719 

720 

721 

P 3 - Inlet Preaaure, kPa 

399 

412 

415 

414 

413 

Wg - Airflow, kg/a 

1.06 

0.91 

0.86 

0.85 

0.86 

Wf - Fuel Flow, g/a 

15.0 

11.5 

8.7 

16.0 

16.2 

Hfp - Pilot Fuel Flow, g/a 

15.0 

11.5 

8.7 

8.7 

8.7 

Wfn - Reactor Fuel Flow, g/a 

0 

0 

0 

7.3 

7.5 

f - Total Fval/Air Ratio 

0.0142 

0.0126 

O.OIOl 

0.0187 

0.0189 

fp - Pilot Fuel/Air Ratio* 

0.0243 

0.0216 

0.0172 

0.0175 

0.0174 

fg ~ Reactor Fuel/Air Ratio* 

— 





0.0223 

0.0230 

APfp - Pilot Fuel Injector Praeaure Drop, kPa 

0 707 

0.418 

0.240 

0.238 

0.235 

APfg - Reactor Fuel Injector Preaaure Drop, kPa 




1.181 

1.258 

CoaAuation Bait Data 






8 P/P - Total Preaaure Loaa, X 

4.66 

4.52 

4.65 

5.32 

4.51 

Tri - Reactor Exit Teaperature No. 1, K 




1588 

1588 

Tr 2 ~ Reactor Exit Teaperature No. 2, K 




1597 

1701 

Tr3 *’ Reactor Exit Teaperature No. 3, K 




1585 

1693 

Tg 4 - Reactor Exit Teaperature No. 4, K 




1584 

1610 

Tg - Average Reactor Exit Teaperature, K 




1589 

1648 

T 4 - Average Coabuator Exit Teaperature, K 






PTF - Pattern Factor 






Gaa Analyaia Data 






EICO - CO Baiaaion Index, g/kg 

19 

6 

2 

7 

3 

EIHC - HC Eaiaaion Index, g/kg 

3 

0 

0 

0 

0 

BINO, - NO, Eaiaaion Index, g/kg 

5.7 

7.6 

9.0 

4.9 

5.0 

f, - Fuel/Air Ratio (Froa Gaa Saaple) 

0.0155 

0.0150 

0.0134 

0.0216 

0.0216 

1, - Coabuator Efficiency (Froa Gaa Saaple) 

99.3 

99.9 

99.9 

99.8 

99.9 

SN - Saoke Nuabe<‘ 






Hctal Teaperaturea 






'^P,Hax ~ Naxiaua Pilot Liner Teaperature, K 

878 

964 

1033 

1012 

1013 

^R,Hax ~ Naxiaua Reactor Shell Teaperature, K 

525 

670 

756 

1030 

1059 


*Baaed on Pilot Airflow ■ 0.583 * 

Reactor Airflow * 0.381 * W/^ 


ORIGINAL PAGE IS 

OF POOR QUALITY 
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Table B-5. Clean Catalytic Combustor - Sector Test Data Summary. (Concluded) 


Conbuator Configuration: Reveraa Flow Modification i 

Run: Date: Ju ne 21, 1982 


Reading Nuaber 

2 

3 

4 

5 

6 

7 

8 

9 

Noainal Power Setting, k 

Idle 

30 

60 

60 

60 

Cruiae 

Cruiae 

85 

Coabuator Inlet Data 









Fuel Split, PiloC/Total 

1.00 

l.OO 

1.00 

1.00 

0.S24 

0.S40 

0.518 

0.540 

?3 - Inlet Teaperature, K 

49 S 

634 

716 

713 

713 

741 

743 

778 

P 3 - Inlet Preasure, kPa 

400 

414 

413 

400 

412 

412 

414 

412 

Wg -■ Airflow, kg/a 

1.04 

0.91 

0.84 

0.84 

0.84 

0.80 

0.80 

0.78 

Wf - Fuel Plow, g/a 

IS . 6 

IS . 6 

17. S 

24.2 

16.4 

IS. 4 

15.9 

16.1 

Hfp - Pilot Fuel Flow, g/a 

IS . 6 

IS . 6 

17.5 

24.2 

8.6 

8.3 

8.2 

8.7 

WfR - Reactor Fuel Plow, g/a 

0 

0 

0 

0 

7.8 

7.1 

7.7 

7.4 

f - Total Fuel/Air Ratio 

O.OISO 

0.0172 

0.0208 

0.0289 

0.019S 

0.0193 

0.0200 

0.0206 

fp - Pilot Fuel/ Air Ratio* 

0.02S7 

0.0294 

0.0356 

0.0494 

0.017S 

0.0178 

0.0178 

0.0191 

fg - Reactor Fuel/Air Ratio* 

— 

— 

— 

— 

0.0244 

0.0232 

0.0254 

0.0249 

APfp - Pilot Fuel Injectur Pretaure Drop, kPa 

1.288 

1.342 

1.701 

3.289 

0.394 

0.375 

0.372 

0.420 

APfg - Reactor Puel Injector Preaaure Drop, kPa 

— 

— 




1.307 

1.122 

1.298 

1.239 

Coabuation Raic Data 









AP/P - Total Preaaure Loaa, X 

4.31 

3. SO 

3.84 

4.98 

4.01 

4.36 

3.99 

3.69 

Tg^ - Reactor Exit Teaperaturc Ho. 1, K 





1606 

1601 

1694 

1701 

Tg 2 - Reactor Exit Teaperaturc Ho. 2, K 





1608 

1S3S 

1692 

1698 

Tg 3 - Reactor Exit Teaperaturc Ho. 3, K 





1S74 

1574 

1694 

1698 

Tgg - Reactor Exit Teaperature Ho. A, K 





1609 

1583 

1695 

1697 

Tg - Average Reactor Exit Teaperature, K 





1599 

1586 

1695 

1699 

T 4 - Average Coabuator Exit Teaperature, K 









FTP - Pattern Factor 









Gaa Analyaia Data 









EICO - CO Eaiaaion Index, g/kg 

14 

10 

32 

134 

11 

7 

2 

2 

EIHC - HC Eaiaaion Index, g/kg 

1 

0 

0 

0 

0 

0 

0 

0 

EIHO, - HOn Eaiaaion Index, g/kg 

S .6 

8.8 

13.1 

10.8 

3.6 

4.1 

4.0 

5.8 

fg - FViel/Air Ratio (Froa Gaa Saaple) 

0.0184 

0 . 022 s 

0.0278 

0.0364 

0.02SS 

0.0254 

0.0230 

0.0236 

Ag - Coabuator Efficiency (Froa Gaa Saaple) 

99.6 

99.8 

99.3 

99.9 

99.7 

99.8 

100 

100 

SH - Saoke Huaber 









Hetal Teaperaturea 









7p,Hax ~ Haxiaua Pilot Liner Teaperaturc, K 

960 

IIOS 

1169 

1198 

1024 

1043 

1045 

1087 

7R,Hax ” Haxiaua Reactor Shell Teaperature, K 

S45 

704 

811 

841 

1025 

1035 

1070 

1087 


*Baaed on Pilot Airflow « O.S83 * 

Reactor Airflow " 0.381 * Wg 


o 

*T> 

•V 

Cl 





VJC.ilO 




Model 1510) was used for acoustic analysis of pilot burner resoanance. The 
major single frequency was in the 620 to 750 Hz range. 

Table B-6 summarizes the results of the sixth test of the reverse flow 
combustoi. . Modifications were made to the perforated plate to increase the 
reference velocity by about 25Z. Poor pilot burner efficiency was obtained 
in this test. 

Table B-7 summarizes the results of the first test of the parallel-staged 
combustor (baseline test). Overall poor reactor performance was obtained due 
to poor fuel distribution and no method of controlling distribution. Decreas- 
ing reference velocity improved reactor performance. 

Table B-8 summarizes the results of the second test of the parallel-staged 
combustor. For this run, the reference velocity was reduced by the addition 
of a perforated plate. There was evidence of burning in the duct ahead of 
the reactor. 
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Table B-6. Clean Catalytic Combustor - Sector Test Data Sun_ ary 


Co^ustor Configuration: Revcrae Plow - Modification 6 

Run: la Date: July 13, 1982 


1 

Reading Number 

2 

3 

4 

5 

6 

Moainal Power Setting, t 

Idle 

30 

60 

60 

60 

Coiri>uaCor Inlet Data 



■i 


■i 

Fuel Split, Pilot/Total 

l.O 

l.O 


0.506 

MiWMM 

T 3 - Inlet Teaperature, K 

494 

630 

■ 

716 


P 3 - Inlet Preaaure, kPa 

401 

410 


414 


WA - Airflow, kg/a 

l.ll 

0.96 


0.90 


Wf - Fuel Flow, g/a 

15.9 

16.5 


17.2 

17.5 

Wfp - Pilot Fuel Flow, g/a 

15.9 

16.5 


8.7 

8.7 

Wfg - Reactor Fuel Plow, g/a 

— 

— 

■ 9H 

8.5 

8.8 

f - Total Fuel/Air Ratio 

0.0144 

0.0171 

0.0269 

0.0191 

0.0194 

fp - Pilot Fuel/Air Ratio* 

0.026S 

0.0320 

0.0502 

0.0181 

0.0180 

fg - Reactor Fuel/Air Ratio* 

— 

— 

— 

0.0219 

0.0225 

APfp - Pilot Fuel Injector Preaaure Drop, kPa 

0.844 

1.074 

2.085 


0.347 

APfg - Reactor Fuel Injector Preaaure Drop, kPa 





1.429 

Coatniation Exit Data 






AP/P - Total Preaaure toaa, X 

4.5 

4.2 



3.5 

Tgi - Reactor Exit Teaperature Mo. 1, K 





1684 

Tg 2 ~ Reactor Exit Teapcrature No. 2, K 





1650 

Tg 3 - Reactor Exit Teaperature No. 3, K 




1558 

1682 

TgA - Reactor Exit Teaperature No. 4, K 




1533 

1688 

Tg - Average Reactor Exit Teaperature, E 




1557 

1676 

Ta - Average Coabuator Exit Teaperature, K 






PTF - Pattern Factor 






Gaa Analyaia Data 






EICO - CO Eaiaaion Index, g/kg 

4 

5 

83 

100 

116 

EIHC - HC biaaion Index, g/kg 

57 

8 

1 

81 

63 

ElHO], - HOx Eaiaaion Index, g/kg 

4.3 

7.9 

12.5 

1.7 

1.9 

fg - Fiiel/Air Ratio (Froa Gaa Saaple) 

0.0142 

0.0164 

0.0231 

0.0195 

0.0197 

i|g - Coabuator Efficiency (Froa Gaa Saaple), Z 

94.9 

99.2 

98.0 

90.6 

91.8 

SN - Saoke Nuaber 






Hetal Teaperaturea 






Tp,|fax ~ Haxiaua Pilot Liner Teaperature, K 

916 

1084 

1223 

1016 

1013 

'^R,Max - Haxiaua Reactor Shell Teaperature, K 

573 

736 

876 

1026 

1044 


to 


*Based on Pilot Airflow ■ 0.569 WA 
Reactor Airflow “ 0.369 MA 






















^ Table B-6 . Clean Catalytic Combustor - Sector Test Data Summary. (Concluded) 

lU 

o 

Coabuator Configuration: Reverac Plow - Hodification 7 

Run: Date: July 19, 1982 


Readinjt Nuaber 

2 

3 

4 

5 

6 

7 

8 

9 

Itoainal Power Setting, t 

Idle 

30 I 

60 

60 

60 

'ruiae 

85 

tTo 

Cowbuator Inlet Data 

■■ 

■i 







Fuel Split, Pilot/Total 


msm 


0.496 

0.496 

0.503 

0.602 

0.626 

T} - Inlet Teaperature, R 

49B 


716 

719 

718 

744 

) 

810 

Py - Inlet Preaaure, kPa 

401 


406 

404 

415 

418 

415 

410 

WA - Airflow, kg/a 

1.14 

0.99 

0.91 

0.90 

0.89 

0.86 

0.85 

0.82 

Wf - Fuel Plow, g/a 

16.7 

19.0 

24.3 

17.8 

17.8 

16.4 

19.8 

20.1 

Wfp - ’ilot Fuel Flow, g/a 

16.7 

19.0 

24.3 

8.8 

8.8 

8.3 

11.9 

12.6 

W{g - Reactor Fuel Flow, g/a 

— 

— 

— 

9.0 

9.0 

8.1 

7.9 

7.5 

f - Total Fuel/Air Ratio 

0.0147 

0.0191 

0.0269 

0.0197 

0.0200 

0.0191 

0.0234 

0.0246 

fp - Pilot Fuel/ Air Ratio* 

0.0274 

0.0357 

0.0500 

0.0182 

0.0185 

0.0180 

0.0262 

0.0288 

fg - Reactor Fuel/Air Ratio* 

— 

— 

— 

0.0230 

0.0234 

0.0220 

0.0215 

0.0213 

APfp - Pilot Fuel Injector Preaaure Drop, kPa 

1.150 

1.390 

2.114 

0.294 

0.286 

0.253 

0.543 

0.608 

APfK - Reactor Fuel Injector Pressure Drop, kPa 

— 

— 

— 

1.736 

1.760 

1.488 

1.429 

1.337 

Co^uation Exit Data 









AP/P - Total Preaaure Loaa, Z 

4.5 

4.2 

2.9 

3.9 

3.2 

3.5 

3.5 

3.7 

Tri - Reactor Exit Teaperature Ho. 1, K 




1538 

1641 

1693 

1694 

1709 

Tg2 ~ Reactor Exit Teaperature No. 2, K 




1609 

1534 

1703 

1731 

1730 

'^R3 ~ Reactor Exit Teaperature Ho. 3, K 




1566 

1594 

1650 

1681 

1686 

Tg 4 - Reactor Exit Teaperature No. 4, K 




1627 

1616 

1650 

1703 

1714 

Tg - Average Reactor Exit Teaperature, K 




1585 

1596 

1674 

1702 

1710 

T 4 - Average Coabuator Exit Teaperature, K 









PTF - Pattern Factor 









Caa Analyaia Data 









EICO - CO Eniaaion Index, g/kg 

6 

22 

119 

172 

149 

145 

60 

85 

EIHC - HC Eaiaaion Index, g/kg 

4 

7 

1 

54 

24 

15 

3 

17 

E1N0,( N0]| Eaission Index, 

5.2 

9.2 

12.5 

2.1 

2.2 

2.8 

5.8 

7.3 

fg - Fuel/Air Ratio (Froa Gaa Saaple) 

0.0089 

0.0132 

0.0246 

0.0200 

0.0213 

0.0200 

0.0233 

0.0240 

~ Cofibustor Efficiency (Frosi Css Saaple), X 

99.5 

99.4 

97.2 

91.3 

94.5 

95.3 

98.3 

96.5 

SN - Saoke Nuaber 









Hetal Teaperaturea 









^P,Hax ~ Haxiaua Pilot Liner Teaperature, K 

941 

Ills 

1200 

1008 

1011 

1073 

1138 

1183 

‘^R,Max - Haxiaua Reactor Shell Teaperature, K 

569 

739 

851 

1055 

1078 

1056 

1112 

1123 


*Based on Pilot Airflow ■ 0.369 WA 
Reactor Airflow * 0.369 WA 


ORIGINAL PAGE IS 
OF POOR QUALITY 
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Table B-7 . Clean Catalytic Combustor - Sector Test Data Summary 


Coabustor Configuration: farallel Staged Baaelinc 

Run: 9 Date: Dcceabcr 3-6, 198t 


Reading Huaber 

2 

3 

4 

5 

6 

7 

8 

Ifoainal Power Setting, Z 

Idle 

30 

60 

Idle 

30 

60 

60 

CoabusCor Inlet Data 








Fuel Split, Pilot/Total 

I.O 

1.0 

1.0 

1.0 

1.0 

1.0 

0.425 

T 3 - Inlet Teaperature, K 

500 

638 

718 

498 

635 

719 

717 

P 3 - Inlet Preaaure, kPa 

430 

419 

417 

432 

416 

414 

417 

HA - Airflow, kg/a 

1.60 

1.42 

1.24 

1.60 

1.42 

1.32 

1.30 

Wf - Fuel Plow, g/a 

10.5 

9.6 

7.9 

11.4 

10.1 

9.2 

21.0 

Hfp - Pilot Fuel Flow, g/a 

10.5 

9.6 

7.9 

11.4 

10.1 

9.2 

8.9 

Wfg - Reactor Fuel Flow, g/a 

0 

0 

0 

0 

0 

0 

12.1 

f - Total Fuel/Air Ratio 

0.0066 

0.0068 

0.0064 

0.0072 

0.0072 

0.0070 

0.0162 

fp - Pilot Fuel/Air Ratio* 

0.0176 

0.0182 

0.0171 

0.0192 

0.0190 

0.0187 

0.0184 

fg - Reactor Fuel/Air Ratio* 

0 

0 

0 

0 

0 

0 

0.0178 

APfp - Pilot Fuel Injector Preaaure Drop, kPa 

290 

255 

193 

359 

283 

248 

200 

APpg - Reactor Fuel Injector Preaaure Drop, kPa 

0 

0 

0 

0 

0 

0 

234 

Coabuation Exit Data 








AP/P - Total Preaaure Loaa, Z 

5.8 

2.0 

1.5 

1.4 

1.7 


1.5 

Tg| - Reactor Exit Teaperature No. 1, K 







1606 

Tr 2 - Reactor Exit Teaperature No. 2, K 







1039 

'^R3 ~ Reactor Exit Teaperature No. 3, K 







1118 

Tg 4 - Reactor Exit Teaperature No. 4, K 








Tg - Average Reactor Exit Teaperature, K 







1254 

T 4 - Average Coabuator Exit Teaperature, K 

1038 

1108 

1149 

1034 

1103 

1156 

1165 

PTF - Pattern Factor 

0.95 

0.87 

0.86 

0.94 

0.94 

0.88 

0.69 

Gaa Analyaia Data 








EICO - CO biaaion Index, g/kg 

10 

3 

2 

8 

2 

1 

26 

EIHC ~ HC Eaisaion Index g g/^lS 

4 

2 

2 

3 

2 

2 

264 

EINO, - NOn Eaiaaion Index, g/kg 

6.8 

12.2 

17.9 

5.9 

11.1 

17.3 

7,0 

fg - Fuel/Air Ratio (Froa Gas Saaple) 

0.0112 

0.0109 

0.0102 

0.0123 

0.0114 

0.0116 

0.0174 

Xg ~ CoMbuetor Efficiencjr (Froa Gea Saaple), X 

99.4 

99.7 

99.8 

99.5 

99.3 

99.8 

76.4 

SN - Saoke Nuadier 








Metal Teaperaturca 








Tp,|tax ~ Haxiaua Pilot Liner Teaperature, K 

620 

762 

835 

653 

WSM 

848 

842 

Tg iigg - Maximal Reactor Shell Teaperature, K 

499 

639 

720 

496 

uM 

718 

758 

*Baaed on Pilot Airflow - 0.374 * WA 








Reactor Airflow ~ 0.323 * WA 
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Table B 7. Clean Catalytic Combustor - Sector Test Data Summary. (Concluded) 


Coabuitor Configuration: Parallel Staged Baseline 

Run: 9 Date: Deceubcr 3--8, 1981 


Reading Huaber 

9 

n 

>0 ^ 

11 

12 

13 

14 

15 

Noainal Power Setting, Z 

Cruise 

60 

85 

Cruise 

Cruiae 

85 

100 

CoabustoT Inlet Date 








Fuel Split, Pilot/Total 

0.448 

0.459 

0.397 

1.0 

0.396 

0.426 

0.425 

T 3 - Inlet Temperature, R 

<46 

718 

776 

745 

744 

778 

813 

P 3 - Inlet Preaaure, kPa 

419 

421 

413 

416 

410 

423 

421 

HA - Airflow, kg/a 

1.22 

0.99 

1.23 

0.94 

0.94 

0.93 

0.93 

Hf - Fuel Flow, g/a 

20.3 

14.7 

21.5 

6.4 

16.2 

15.1 

15.1 

Ufp - Pilot Fuel Flow, g/a 

9.1 

6.8 

8.5 

6.4 

6.4 

6.4 

6.4 

Hfg - Reactor Fuel Flow, g/a 

11.2 

8.0 

13.0 

0 

9.8 

8.7 

e.7 

f - Total Fuel/Air Katio 

0.0167 

0.0149 

0.0175 

0.0063 

0.017:, 

0.0163 

0.0164 

fp - Pilot Fuel/Air Ratio* 

0.0200 

0.0183 

0.0186 

0.0182 

0.0182 

0.0186 

0.0186 

fg - Reactor Fuel/Air Ratio* 

0.0176 

0.0154 

0.0202 

0 

0.0199 

0.0179 

0.0180 

APfp - Pilot Fuel Injector Preaaure Drop, kPa 

248 

159 

200 

145 

186 

172 

165 

^^fR ~ Reactor Fuel Injector Preaaure Drop, kPa 

200 

110 

269 

0 

138 

124 

124 

Coabuator Bait Data 








AP/P - Total Preaaure Loaa, Z 

1.6 

2.0 

1.8 

1.3 

0.7 

1.6 

0.8 

Tgi - Reactor Bait Temperature Ho. 1, K 

1651 

1660 

1026 


1704 

1704 

1669 

Tgj ~ Reactor Bait Temperature No. 2, R 

1130 

1105 

1092 


1118 

1166 

1130 

Tg 3 - Reactor Bait Temperature Ho. 3, ?. 

1154 

1105 

1202 


1259 

1271 

1324 

Tgg - Reactor Bait Teaq>erature Ho. 4, R 








Tg - Average Reactor Bait Temperature, R 

1312 

1290 

1106 


1360 

1380 

1374 

Tg - Average Coabuator Bait Temperature, R 

1215 

1183 

1201 

1120 

1259 

1281 

1273 

PTF - Pattern Factor 

0.64 

0.72 

0.68 

0.90 

0.70 

0.60 

0.47 

Gaa Analpaia Data 








EICO - CO biaaion Indea, g/kg 

33 

22 

55 

1 

36 

61 

66 

BIHC - HC Bmiaaion Indea, g/kg 

250 

226 

269 

9 

189 

156 

156 

BIHO|( - HOj, Bmiaaion Indea, g/kg 

10.8 

12.8 

7.1 

24.5 

12.2 

14.1 

16.0 

f, - Fuel/Air Ratio (From Caa Sample) 

0.0181 

U.0I67 

0.0176 

0.0118 

0.0181 

0.0181 

0.0184 

q, - Combuator Efficiency (From Gaa Sample), Z 

77.5 

79.8 

75.3 

99.2 

82.7 

85.0 

84.9 

SH - Smoke Humber 








Metal Temperaturea 








Tp^llP^ - Maaimum Pilot Liner Temperature, R 

878 

854 

900 

882 

875 

920 

953 

^R,Maa ~ Maaimum Reactor Shell Temperature, R 

789 

748 

826 

747 

791 

822 

853 

*Baaed on Pilot Airflow - 0.374 * HA 








Reactor Airflow - 0.523 * HA 










ORlQtNAL PAGE 
OF POOR QUAt 
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Table B-8. Clean Catalytic Combustor - Sector Test Data Summary 


Coabuator Configuration: Parallel Plow With Reduced Vj^EF- 

Run : 1C Date : Decewber 17, 1981 


Reading Huaber 

2 

3 

4 

5 

6 

7 

8 

9 

iMaiinal Power Setting, Z 

Idle 

30 

60 

60 

60 

60 

60 

60 

Coabuator Inlet Data 


mm 







Fiiel Split, Pilot/Total 

l.O 


1.0 

0.715 

0.703 


0 

0.663 

T3 - Inlet Teaperature, K 

497 

638 

718 

715 

722 


720 

720 

P3 - Inlet Preaaure, kPa 

414 

414 

412 

414 

419 


423 

417 

WA - Airflow, kg/a 

1.20 

mSSm 

0.97 

0.98 

0.98 


0.98 

0.98 

Wf - Fuel Flow, g/a 

14.4 

18 a 

13.9 

19.4 

19.7 

5.9 

7.1 

21.1 

Wfp - Pilot Fuel Flow, g/a 

14.4 


13.9 

13.9 

13.9 

0 

u 

14.0 

^fR ~ Reactor Fuel Flow, g/a 

0 

0 

0 

5.5 

5.8 

5.9 

7.1 

7.1 

f - Total Fuel/Air Ratio 

0.0120 

0.U143 

0.0143 

0.0198 

0.0201 

0.0060 

0.0072 

0.0214 

fp - Pilot Fuel/Air Ratio* 

0.0236 

0.0282 

0.0282 

0.0279 

0.0278 

0 

0 

0.0289 

- Veactor Puel/Air Katio* 

0 

0 

0 

0.0159 

0.0163 

0.0169 

0.0204 

0.0204 

APfp - Pilot Fuel Injector Preaaure Drop, kPa 

55« 

669 

552 

558 

510 

0 

0 

545 

APfg - Reactor Fuel Injector Pressure Drop, kPa 

0 

0 

0 

30 

46 

39 

63 

61 

Coabustion Exit Data 









AP/P - Total Pressure Loss. Z 

1.83 

2.33 

2.51 

2.83 

3.46 

2.80 

2.94 

3.14 

Tg| - Reactor bit Teaperature Ho. 1 , K 

Tg 2 ~ bactor Exit Teaq>*tature No. 2, K 

Tg 3 - bactor Exit Teaperature b. 3, K 

Tgg - bactor Exit Teaperature b. A, K 

Tg - Average bactor bit Teaperature, K 









Tg - Average Coad>ustor Exit Teaperature, K 

1221 

■llZH 

1401 

1471 

1428 

894 

914 

1435 

FTP - Pattern Factor 

0.31 


0.30 

0.20 

0.25 

0.80 

1.17 

0.29 

Cas Analysis bta 









EIOO - CO bisaion Index, g/kg 

7 

4 

3 

3 

3 

5 

3 

3 

EIHC ' HC biasion Index, g/kg 

2 

1 

1 

0 

1 

3 

1 

0 

E1NQ„ - HO„ bisaion Index, g/kg 

6.1 

11. 6 

17.8 

16.0 

15.8 

7.6 

8.2 

13.1 

fi - Fuel/Air btio (Froa Gas Saaple) 

0.0226 

0.0277 

0.0253 

0.0Z80 

0.0303 

0.0053 

0.0070 

0.0327 

a, - Coabuator Efficiency (Froa Gas Saaple), Z 

99.6 

99.9 

99.9 

— 

99.9 

99. b 

99.8 

99.9 

SH - Saoke Nuaber 
btal Teaperatures 









^P,bx ' bxiaua Pilot Liner Teaperature, K 

675 

830 

894 

915 

920 

754 

773 

927 

^R,bx " bxia«ai bactor Shell Teaperature, K 

496 

637 

717 

883 

884 

898 

958 

961 

*bsed on Pilot Airflow ■ 0.307 * WA 
Reactor Airflow “ 0.334 * WA 
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Table B-8. Clean Catalytic Combustor - Sector Test Data Summary. 
(Concluded) 


Coebuttor Conf igurac ion : Farallal Flow With K«0>jc •d Vr£f. 

lun: _n Doto: Doco«b«t 21 , I9dl 


RMdlai Niobor 

2 

3 

4 

NoBinol Powor Sactlni, X 

60 

60 

60 

CoabuaCor Inloe Data 




Fual Split, Pilot/Total 

1.0 

1.0 

0.629 

T 3 - Inlat Taaparatura, K 

713 

719 

716 

P 3 ■ Inlat Fraaaura, kPa 

416 

417 

414 

WA - Airflow, k|/a 

0.998 

1.23 

1.24 

Wf - Pual Plow, s/a 

19.7 

17.5 

26.8 

Ufp - Pilot Pual Plow, g/a 

19.7 

17.5 

16.9 

- Raactor Pual Flow, g/a 

0 

0 

9.9 

1 ~ Total Pual/Air Katio 

0.0197 

0.0143 

0.0217 

fp - Pilot Pual/Air Ratio* 

0.0369 

0.0281 

0.0269 

fg - Raactor Pual/Air Ratio* 

0 

0 

0,0227 

aPfp - Pilot Pual Injaetor Praaaura Drop, kPa 

1096 

661 

820 

APfg - Raactor Pual Injaetor Praaaura Drop, kPa 

0 

0 

103 

Coaibuation Exit Data 




aP/P ^ Total Praaaura Loaa, X 

1.99 

4.30 

3.83 

Tg; - Raactor Exit Taeparatura No. 1, K 
Tg 2 - Raactor Exit Tawparatura No. 2, R 
Tg 3 - Raactor Exit Tawparatura He. }, K 
Tg 4 • Raactor Exit Taaparatura He. 4, K 




Tg - Avaraga Raactor Exit Taaparatura, K 
T 4 • Awaraga Cohbuator Exit Taaparatura, K 

1429 

1241 

1289 

FTP - Pattarn Factor 

0.29 

0.37 

0.24 

Gat Analytic Data 




EICO - CO Exitaion Indax, g/kg 

SO 

4 

28 

EIHC - HC Eyxaaien Index, g/kg 

1 

0 

54 

ElHO, ' NOx Eaiation Indax, g/kg 

16.1 

13.5 

10.9 

tf - Pual/Air Ratio (Proa Gaa Saapla) 

0.0396 

0.0283 

0.0273 

~ Cexbutter Effieianey (Proa Cat Saapla), X 

98. B 

99.9 

94.7 ^ 

SH - iMka Nuabar 
Matal Taaoaraturaa 




Tp^Hfi > Naxiaua Pilot Linar Taaparatura, K 

929 

1108 

1090 

Tg^H^( - Maxiaw Raactor Shall Taaparatura, X 

715 

795 

836 

*Baaad on Pilot Airflow “ 0.S07 * HA 
Raactor Airflow ■ 0.334 * HA 
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